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Abstract 
The goals of this study were (1) to evaluate the impacts of pesticides used for mosquito control on 
drinking water and (2) to investigate the removal of permethrin from water using activated carbon.  A 
review of current literature on pesticide usage, toxicity, occurrence in the environment, and treatment 
techniques to remove pesticides from drinking water was conducted.  The focus of the literature review 
was on pesticides used for mosquito control.  Permethrin is a synthetic pyrethroid insecticide used 
extensively in the United States (US) for mosquito control and in agriculture, with approximately 2 
million pounds applied each year.  Permethrin was selected for investigation based on its widespread 
use in the US, its inclusion on the Contaminant Candidate List 3 (CCL3), its health hazards, and the lack 
of previous research on the removal of permethrin from drinking water.  The removal of permethrin 
from water using powdered activated carbon (PAC) was investigated.  Equilibrium adsorption 
experiments to assess removal of cis-, trans-, and total permethrin were conducted using two types of 
PAC (WPH 650 and WPH 1000) obtained from Calgon Carbon Corporation.  Initial total permethrin 
concentrations ranged from 2.0 to 4.6 µg/L.  PAC doses ranged from 0.0 to 10 mg/L.  Results showed 
that PAC addition is an effective method for removing permethrin from water.  Total permethrin 
concentrations were reduced by 38% with 0.05 mg/L of PAC WPH 650, and reduced to below the 
detection limit with 3 mg/L of PAC WPH 650. Total permethrin concentrations were reduced by 35% 
with 0.05 mg/L of PAC WPH 1000 and by 83% with 5 mg/L of PAC WPH 1000.  Results for cis- and trans-
permethrin were similar.  The Freundlich isotherm model provided appropriate fits to the data with an 
R2 value of 0.91 for both WPH 650 and WPH 1000.  
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1 Introduction 
Pesticide applications are conducted for a variety of purposes including increasing agricultural 
production and protecting public health by controlling mosquitos and other pests.  Pesticides are a 
concern because of their widespread use, fate in the environment, and toxicity.  Following application, 
pesticides can be transported to surface waters by runoff and to groundwater aquifers by infiltration 
and subsurface transport.  However, some pesticides are not completely removed from waters by 
conventional drinking water treatment techniques.  In fact, chlorination can convert organophosphate 
pesticides to products that are more toxic than the parent compounds. 
Common insecticide active ingredients used to control adult mosquitos are classified as 
organophosphates, pyrethroids, and pyrethrins.  Permethrin is a synthetic pyrethroid insecticide used 
extensively in the United States (US) for mosquito control and in agriculture, with approximately 2 
million pounds applied each year (USEPA, 2009b).  The use of synthetic pyrethroids has increased 
because pyrethroids are less toxic than organophosphates.  However, permethrin is likely carcinogenic 
to humans (USEPA, 2009b) and is included on the Contaminant Candidate List 3 (CCL3).  The CCL3 is a list 
of contaminants that are not currently subject to national primary drinking water regulations, are known 
or anticipated to occur in public drinking water systems, and may require regulation under the Safe 
Drinking Water Act.  Permethrin is the only insecticide commonly used for mosquito control on the 
CCL3. 
One of the goals of this study was to evaluate the impacts of pesticides used for mosquito control on 
drinking water.  The literature review provides a discussion of pesticide usage, toxicity of pesticides, 
regulations governing pesticides, occurrence of pesticides in the environment, and treatment 
techniques to remove pesticides from drinking water.  The focus of the literature review is on pesticides 
used for mosquito control.   
The second goal of this study was to investigate the adsorption of permethrin with activated carbon for 
the removal of permethrin from water.  Permethrin was selected for investigation based on its 
widespread use in the US, its inclusion on the CCL3, its health hazards, and the lack of previous research 
on the removal of permethrin from drinking water.  Specifically, the removal of cis-, trans-, and total 
permethrin from water using powdered activated carbon (PAC) was investigated.  Procedures for 
performing batch adsorption experiments, extracting permethrin from sample water, and analyzing 
permethrin at low concentrations using gas chromatography were developed.  Batch equilibrium 
adsorption experiments were performed to determine isotherm parameters.  There are no published 
Freundlich isotherm parameters for permethrin and thus this study provides new data on this pesticide.  
Calculated Freundlich isotherm parameters for permethrin were compared to published values for other 
pesticides such as bifenthrin, lindane, malathion and propanil. 
  
2 
2 Literature Review 
This literature review provides a discussion of pesticide usage, toxicity of pesticides, regulations 
governing pesticides, occurrence of pesticides in the environment, and treatment techniques to remove 
pesticides from drinking water.  The review of current literature on toxicity, occurrence in the 
environment, and treatment techniques focuses on pesticides used for mosquito control.  
2.1 Pesticide Usage 
The US Environmental Protection Agency (EPA) issues comprehensive reports on quantities of pesticide 
active ingredients used and sold in the US periodically.  The report issued in 2011 contains pesticide use 
data through 2007 and is the most recent report available (Grube et al., 2011).  According to the report, 
approximately 1.133 billion pounds of pesticide active ingredients were used throughout the US for all 
market sectors in 2007 (Grube et al., 2011).  Of this, 877 million pounds were used for agricultural 
purposes (Grube et al., 2011).  Non-agricultural usage includes the home and garden sector and the 
industrial, commercial, and governmental sectors (Grube et al., 2011).  The total amount of pesticides 
used between 1988 and 2007 has varied between approximately 1.127 billion pounds and 1.244 billion 
pounds (Grube et al., 2011).  
2.1.1 History of Mosquito Control  
The US initiated a campaign to control mosquitos at the beginning of the twentieth century (Patterson, 
2009).  Mosquito control was initially conducted because mosquitos were a public nuisance (Patterson, 
2009).  Efforts to control mosquitos gained significant support when it was discovered that mosquitos 
spread diseases such as malaria and yellow fever (Patterson, 2009).  Many communities across the US 
developed mosquito control programs.  Early efforts to control mosquitos focused on increasing 
drainage to reduce mosquito populations (Patterson, 2009).  The use of insecticides to control 
mosquitos dates back to the 1940s when dichlorodiphenyltrichloroethane (DDT) began to be used 
extensively (Patterson, 2009).  The use of non-chemical techniques, like drainage, became less popular 
since DDT was inexpensive and effective in controlling mosquitos (Patterson, 2009).   
The early 1960s marked the beginning of a debate on the benefits versus potential adverse impacts of 
mosquito control using pesticides (Patterson, 2009).  Silent Spring by Rachel Carson was published in 
1962, in which Carson intended to bring the misuse of pesticides to the attention of the public 
(Patterson, 2009).  DDT can accumulate in food chains because of its environmental persistence and 
high lipid solubility.  Mosquitos developed resistance to DDT but other species showed adverse effects 
to exposure.  DDT is particularly toxic to fish and birds (Ray, 2010).  By the early 1960s, the majority of 
the mosquito control programs in Florida, Texas, Louisiana, Mississippi, Alabama, and Georgia switched 
to using pesticides other than DDT because of mosquito resistance (Patterson, 2009).  During the 1960s, 
citizen groups organized across the country to ban the use of DDT.   
Mosquito control techniques improved in the 1970s as a result of advances in mosquito surveillance 
programs and research on disease transmission caused by mosquitos (Patterson, 2009).  Mosquito 
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control using biological organisms began in the early 1980s (Patterson, 2009).  Alternative mosquito 
control methods including water management techniques gained popularity (Patterson, 2009).   
The CDC currently recommends the use of a comprehensive management program to control mosquitos 
that uses integrated pest management principles (IPM) (CDC, 2003).  IPM-based systems use a variety of 
physical, mechanical, cultural, biological and educational methods to control mosquitos and include 
regular monitoring (CDC, 2003).  The CDC recommends source reduction to alter or eliminate mosquito 
habitat breeding using sanitation and water management.  Mosquito control using pesticides is 
suggested when source reduction and water management techniques are not feasible or are not 
effective (CDC, 2003).  The CDC recommends monitoring for pesticide resistance, which includes 
collecting baseline data to use in developing mosquito control programs (CDC, 2003).   
Mosquito control continues to be a controversial topic (Patterson, 2009).  The benefits of controlling 
mosquitos using pesticides need be considered alongside potential adverse impacts to human health, 
the environment, and sensitive organisms. 
2.1.2 Viruses Spread by Mosquitos in the US 
Pesticides are used to control the spread of West Nile Virus (WNV) by reducing mosquito populations.  
Several mosquito species transmit WNV (Davis et al., 2007).  The first human cases of WNV were 
documented in the US in 1999 in the New York City area (Ciota et al., 2008).  WNV infection usually 
causes an asymptomatic infection, or a symptomatic infection with mild fever, headache, body ache, 
nausea, vomiting, rash, or swollen glands (CDC, 2003; CDC, 2012d).  Severe symptoms of WNV include 
meningoencephalitis, high fever, severe headache, neck stiffness, stupor, disorientation, coma, tremors, 
convulsions, muscle weakness, vision loss, numbness, and paralysis (CDC, 2012d).  Approximately one in 
150 people infected will develop these severe symptoms, which may last several weeks or for life (CDC, 
2012d).  The human case-fatality rate for WNV in the US is 7% overall (CDC, 2003).   
Surveillance in 2000 through 2002 showed that WNV had spread throughout most of the US (CDC, 
2003).  In 2002, a total of 4,156 human cases of WNV were reported, which included 2,942 
meningoencephalitis cases and 284 deaths (CDC, 2003).  In addition, 16,741 dead birds, 6,604 infected 
mosquito pools, and 14,571 equine cases were identified (CDC, 2003).  Since 1999, WNV has become 
and continues to be a major health concern (Peterson et al., 2006).  Birds, mosquitos, and equines have 
been identified as sentinel animals (CDC, 2003).   
There are three other viruses transmitted by mosquitos that are of major concern in the United States 
including eastern equine encephalitis (EEE), western equine encephalitis (WEE) and St. Louis encephalitis 
(SLE) (Nasci and Moore, 1998).  Pesticides are also used to control mosquitos that transmit EEE, WEE, 
and SLE.   
EEE and WEE are closely related and affect humans and equines (Lambert et al., 2003).  EEE is most 
common in Florida, Georgia, Massachusetts, and New Jersey (CDC, 2012a).  Symptoms of EEE include 
chills, fever, malaise, joint pain, and muscle pain (CDC, 2012a).  Recovery is generally complete when 
there is no central nervous system involvement (CDC, 2012a).  On average there are 6 human cases of 
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EEE each year reported in the US and the mortality rate is 33% (CDC, 2012a).  The majority of the WEE 
cases have been in the western US (Lambert et al., 2003).  Symptoms of WEE range from mild flu-like 
illnesses to encephalitis, coma, and death (CDC, 2012b).  There have been 639 confirmed cases of WEE 
in the US between 1964 and 2005 (CDC, 2012b).   
SLE is most common in the eastern and central states (CDC, 2012c).  Many people infected with SLE have 
no symptoms (CDC, 2012c).  Mild symptoms include headache and fever while more severe symptoms 
include neck stiffness, stupor, disorientation, coma, tremors, convulsions, and spastic paralysis (CDC, 
2012c).  Outbreaks of SLE have occurred since the 1930s and the mortality rate ranges from 
approximately 5% to 30% with higher rates for older populations (CDC, 2012c).   
2.1.3 Types of Pesticides Used to Control Mosquitos 
Common insecticide active ingredients currently used to control adult mosquitos are classified as 
organophosphates, pyrethrins, and pyrethroids.  Organophosphates are pesticides that contain 
phosphorous and inhibit the enzyme acetylcholinesterase in mosquitos, which affects the nervous 
system (Fukato, 1990).  Examples of organophosphate pesticides used to control mosquitos include 
malathion, chlorpyrifos, naled and dichlorvos (Peterson et al., 2006).  Pyrethrins are botanical 
insecticides derived from the pyrethrum plant Chrysanthemum cinerariaefolium (USEPA, 2012b).  The 
term pyrethrins generally refer to the six isomers found in pyrethrum extracts (USEPA, 2006b).  
Pyrethroids are synthetic chemical insecticides adapted from the chemical structure of pyrethrins 
(USEPA, 2012b).  Examples of pyrethroids commonly used include permethrin, resmethrin, and 
phenothrin (also known as sumithrin) (Peterson et al., 2006).  Prallethrin is a pyrethroid used to control 
mosquitos that is currently under registration review by the USEPA (USEPA, 2012a).  Etofenprox is a 
registered pyrethroid for which use as a mosquito adulticid is pending (USEPA, 2007a).  Documents for 
the final registration review were made available by the USEPA in 2011 (USEPA, 2011).  The use of 
synthetic pyrethroids (e.g. permethrin, resmethrin, phenothrin) has increased recently in place of 
organophosphates because pyrethroids are less toxic (Yoshida, 2009). 
Pyrethrins and pyrethroids are often formulated with synergists to enhance effectiveness, which include 
piperonyl butoxide and MGK-264 (USEPA, 2012b).  Pesticides used to control adult mosquitos are 
generally applied using ultra-low-volume (ULV) sprays (CDC, 2003).  Mosquitos can also be controlled by 
the application of larvicides to kill mosquito larvae or pupae by ground or aerial treatments (CDC, 2003).  
Types of larvicides used to control mosquitos include temephos (an organophosphate), biological 
larvicides, methoprene, larvicide oils, monomolecular surface films (e.g. Agnique, Arosurf), and 
diflubenzuron (e.g.Dimilin) (CDC, 2003).   
Numerous sources list the following pesticides as commonly used pesticides for mosquito control in the 
US: malathion, naled, chlorpyrifos, temephos, permethrin, resmethrin, phenothrin (sumithrin), 
pyrethrins, and methoprene (CDC, 2003; Peterson et al., 2006; Weston et al., 2006).  This list only 
considers chemical pesticides and does not include biological larvicides, larvicide oils, and 
monomolecular surface films.  The molecular structures and chemical/physical properties of these 
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common pesticide active ingredients used to control mosquitos are provided in Figure 2-1-1 and Table 2-
1-1, respectively.  Information on DDT is also given for comparison.   
Malathion (Organophosphate) 
 
Naled (Organophosphate) 
 
Chlorpyrifos (Organophosphate) 
 
Temephos (Organophosphate) 
 
Permethrin (Pyrethroid) 
 
Phenothrin (a.k.a. sumithrin) (Pyrethroid) 
 
 
Resmethrin (Pyrethroid) 
 
Pyrethrin 
 
Methoprene (Larvicide) 
 
DDT (for comparison) 
 
Figure 2-1-1: Molecular structures of commonly used pesticides for mosquito control (adapted from 
RSC, 2012) 
 
6 
Table 2-1-1: Physical and chemical properties of commonly used pesticides for mosquito control 
(adapted from Schwarzenback et al., 1993; Norman et al., 2012) 
Pesticide 
Molecular 
Formula 
Water: 
Soil half-
life (days) 
Organic 
Carbon-Water 
Partition Coef. 
(KOC mL/g) 
Vapor 
Pressure 
(Pa) 
Octanol-Water 
Partition Coef. 
(log KOW) 
Water 
Solubility 
(mg/L) 
Chlorpyrifos C9H11Cl3NO3PS 50 6.0 X 10
3 1.4 X 10-3 4.7 7.3 X 10-1 
Malathion C10H19O6PS2 1.8 X 10
-1 1.8 X 103 4.5 X 10-4 2.8 1.5 X 102 
Methoprene C19H34O3 NA
1 NA1 NA1 5.0 1.4 
Naled C4H7Br2Cl2O4P 1.0 1.6 X 10
2 2.6 X 10-1 2.2 1.5 
p,p’DDT (for 
comparison) 
C14H9Cl5 6.2 X 10
3 NA1 1.4 X 10-5 6.9 5.5 X 10-3 
Permethrin C21H20Cl2O3 13 6.3 X 10
4 2.0 X 10-6 6.1 6.0 X 10-3 
Phenothrin 
(Sumithrin) 
C23H26O3 NA
1 NA1 NA1 6.0 9.7 X 10-3 
Pyrethrin 1 C21H28O3 8.0 1.0 X 10
5 1.0 X 10-6 5.9 4.6 X 10-2 
Resmethrin C22H26O3 NA
1 NA1 NA1 5.4 3.8 X 10-2 
Temephos C16H20O6P2S3 NA
1 NA1 NA1 5.0 3.0 X 10-2 
1. NA: data not available 
2.1.4 Modes of Action of Common Pesticides Used to Control Mosquitos 
Organophosphates are toxic to mosquitos because they inhibit the enzyme acetylcholinesterase (Fukato, 
1990).  Acetylcholinesterase is a class of enzymes that catalyzes the hydrolysis of acetylcholine, which is 
a neurotransmitting agent (Fukato, 1990).  Acetylcholinesterase is ubiquitous in mammals and 
invertebrates, and is localized in the central nervous system and in organs and glands controlled by the 
nervous system (Fukato, 1990).   
Pyrethroids are neurotoxins and kill mosquitos by interfering with sodium channels in the central and 
peripheral nervous systems (NPIC, 2012d).  Synergists are commonly used with pyrethroid pesticides 
(Casas et al., 2007).  Synergists enhance the properties of the pyrethroids by preventing enzymes from 
breaking them down (Casas et al., 2007).   
Methoprene works to control mosquitos by regulating insect growth (CDC, 2003).  Methoprene acts on 
the hormonal system of the target specie (Wirth et al., 2001).   Methoprene alters the normal functions 
of the juvenile hormone and prevents juvenile insects from completing the terminal molt to an adult 
insect (Wirth et al., 2001).    
Surfactants are sometimes used with pesticides to enhance the performance of the pesticide (Ivankovic 
and Hrenovic, 2010).  Commonly used nonionic surfactants include alcohol ethoxylates (AEOs), 
alkylamine ethoxylates (ANEOs), and alkylphenol ethoxylates (APEOs) (Krogh et al., 2003).  Nonionic 
surfactants are part of pesticide formulations and have a balance of hydrophobic and hydrophilic 
structures in the molecule (Ivankovic and Hrenovic, 2010).  The hydrophilic portion of the molecule 
provides water solubility (Ivankovic and Hrenovic, 2010).  Toxicity towards several plant species through 
direct contact has been observed including tobacco, sugar beet, and spiderwort plants (Ivankovic and 
7 
Hrenovic, 2010).  Nonionic surfactants have antimicrobial properties by binding to proteins and 
phospholipid membranes, which can result in cell death or loss of ions (Ivankovic and Hrenovic, 2010).  
Surfactants are toxic to some aquatic organisms but the effect on the environment varies significantly 
with the type of surfactant and the concentration in the environment (Ivankovic and Hrenovic, 2010).   
2.2 Toxicity of Pesticides 
Health effects from exposure to toxic compounds are characterized as acute and chronic.  Acute toxicity 
is a result of short duration exposure to high levels of toxic compounds.  Chronic toxicity is a result of 
long term exposure to low levels of toxic compounds.  Low dose chronic exposure to pesticides may 
cause long term adverse effects in humans (Eddleston and Bateman, 2012).  Acute poisoning from 
pesticides results in 300,000 deaths each year in developing countries while this type of poisoning is 
much less common in developed countries (Eddleston and Bateman, 2012). 
Human toxicity of pesticides commonly used for mosquito control is discussed in Sections 2.2.1, 2.2.2, 
and 2.2.3.  Aquatic life toxicity is discussed in Section 2.2.4.  
2.2.1 Organophosphate Pesticides 
Organophosphates are commonly used to control adult mosquitos and larvae.  Organophosphate 
pesticides are absorbed through the gut, respiratory tract, and, to a lesser degree, through the skin 
(Eddleston and Bateman, 2012).  The mechanism of toxicity in humans is similar to mosquitos; 
organophosphates inhibit acetylcholinesterase (Eddleston and Bateman, 2012).  Acute organophosphate 
poisoning results in muscarinic and nicotinic symptoms in the system that the pesticide entered 
(Eddleston and Bateman, 2012).  Muscarinic symptoms include blurred vision, nausea, vomiting, 
diarrhea, cough, and pulmonary edema, for example (Eddleston and Bateman, 2012).  Profuse sweating 
and pinpoint pupils are also common (Eddleston and Bateman, 2012).  Nicotinic effects include 
twitching, flaccidity, weakness of muscles, impairment of consciousness, seizures, and death (Eddleston 
and Bateman, 2012).  Acute exposure to organophosphate pesticides can also result in respiratory 
failure (Eddleston and Bateman, 2012).   
Long term health effects can include many symptoms but neuromuscular problems dominate, which 
include lethargy, irritability, poor concentration, insomnia, and depression (Eddleston and Bateman, 
2012).  More studies are needed to evaluate if long term exposure to organophosphate pesticides can 
cause cancer.  Malathion, a type of organophosphate pesticide, has been classified as having suggestive 
evidence of carcinogenicity (USEPA, 2009g).  The reference dose, which is the dose that is estimated to 
be without adverse health effects, for malathion is 0.07 mg/kg-d (USEPA, 2009e).  The reference dose 
for naled, which is another type of organophosphate pesticide, is 0.002 mg/kg-d (USEPA, 2009e). 
2.2.2 Pyrethroid and Pyrethrin Pesticides 
Pyrethroids are commonly used to control adult mosquitos.  Pyrethroid pesticides are less acutely toxic 
to birds and mammals than organophosphate pesticides (USEPA, 2012b).  Acute toxicity of pyrethroid 
insecticides occurs most commonly from ingestion (Ray, 2010).  Chronic toxicity occurs through 
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ingestion, skin contact, or inhalation (Ray, 2010).  Skin contact and inhalation have lower toxicities than 
ingestion (Ray, 2010).   
Low-dose exposure to pyrethrins (the natural form of pyrethroids from chrysanthemums) may cause an 
allergic response (Ray, 2010).  Low-dose exposure to pyrethroids causes allergic or irritative responses 
including itching, burning, paresthesias, and respiratory problems (Ray, 2010).  Exposure through 
ingestion results in epigastric pain, nausea, vomiting, paresthesia of the face, and even death (Ray, 
2010).  Systemic symptoms include dizziness, headache, weakness, and fatigue.  Pyrethroids can also 
cause muscle twitching, disturbances in consciousness, convulsions, and coma (Ray, 2010). 
There are two types of pyrethroids, which cause different toxic effects (Ray, 2010).  Type I pyrethroids 
cause similar poisoning symptoms in animals as DDT, including the development of a tremor, 
exaggerated startle response, twitching, hyperexcitability, an increase in metabolic activity, and death 
(Ray, 2010).  The symptoms of type II pyrethroid poisoning are more diverse (Ray, 2010).  Type II 
pyrethroids cause repetitive chewing, washing, excessive salvation, tremors, convulsions, and death in 
rodents (Ray, 2010).     
A low dose chronic effect of some pyrethroids is cancer.  For example, permethrin and resmethrin are 
likely to be carcinogenic to humans when exposed at elevated concentrations (USEPA, 2009b; NPIC, 
2012d).  The slope factor for permethrin is 0.0096 (mg/kg/day)-1 and the health reference level for 
cancer is 3.65 ug/L (USEPA, 2008; USEPA, 2009b).  Additional data is needed to determine if endocrine 
effects are caused by exposure to permethrin (USEPA, 2009b).  Synergists used to enhance the 
properties of pyrethroids may be toxic to humans (Casas et al., 2007).  One of the most commonly used 
synergists, piperonyl butoxide, is classified as a possible human carcinogen (Casas et al., 2007).   
2.2.3 Methoprene 
Methoprene is a common larvicide.  Methoprene is considered a biochemical pesticide because it 
interferes with the life cycle of an insect (USEPA, 2012c).  Studies have shown that methoprene has a 
very low potential for acute toxicity to humans from overexposure through inhalation, oral, dermal, or 
ocular exposure (USEPA, 2012c).   
Adverse chronic effects through long term low dose exposure to methoprene are unlikely in humans 
(USEPA, 2012c).  Methoprene has not been shown to cause cancer under chronic exposure.  
Methoprene was not found to be a developmental toxicant in rabbits and mice.  Developmental toxicity 
in humans from methoprene exposure is unlikely (USEPA, 2012c).  Screening studies looking at the 
endocrine effects of methoprene indicate that methoprene has no potential for estrogenic, androgenic, 
anabolic, or glucocorticoid effects (USEPA, 2012c). Drinking water is not considered a route of exposure 
because methoprene readily degrades in drinking water and is metabolized rapidly in soil (USEPA, 
2012c).  In general, methoprene is of low toxicity and poses little hazard to people and non-target 
species (USEPA, 2012c).   
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2.2.4 Aquatic Life Toxicity 
Pesticides in surface waters may be toxic to aquatic life.  The USEPA Office of Pesticide Programs (OPP) 
and Office of Water (OW) evaluate the ecological effects of pesticides in surface waters (USEPA, 2013b).  
OPP aquatic life benchmarks for pesticides commonly used to control mosquitos are summarized in 
Table 2-2-1.  These benchmarks are for freshwater species and are based on toxicity values used for 
pesticide registrations and other scientific literature (USEPA, 2013b).  Acute toxicity values are generally 
based on the 50 Percent Lethal Concentration (LC50) and the chronic toxicity values are based on the No 
Observed Adverse Effects Concentration (NOAEC) (USEPA, 2013b). 
Table 2-2-1: OPP aquatic life benchmarks (freshwater) (adapted from USEPA, 2013b) 
Pesticide 
Fish Invertebrates Nonvascular 
Plants 
Acute (µg/L) 
Vascular 
Plants 
Acute (µg/L) 
Acute 
(µg/L) 
Chronic 
(µg/L) 
Acute 
(µg/L) 
Chronic 
(µg/L) 
Chlorpyrifos 0.9 0.57 0.05 0.04 140 NA1 
Malathion 16.4 8.6 0.3 0.035 2,400 NA1 
Methoprene 380 48 165 51 NA1 NA1 
Naled 46 2.9 NA1 0.045 25 > 1,800 
Permethrin 0.395 0.0515 0.01 0.0014 68 NA1 
Phenothrin 
(Sumithrin) 
7.9 1.1 2.2 0.47 NA1 NA1 
Pyrethrin 2.55 1.9 5.8 0.86 NA1 NA1 
Resmethrin 0.14 0.32 1.55 NA1 NA1 NA1 
Temephos 1,745 NA1 5 NA1 NA1 NA1 
1. NA: Benchmark not available 
2.3 Regulations 
There are over 20,000 different pesticide products in the US (USEPA, 2012j).  Pesticide use is regulated 
by the USEPA and by individual states.  Before a pesticide is used, it needs to be registered with the 
USEPA and the state in which it is used.  The Food and Drug Administration (FDA) and the US 
Department of Agriculture (USDA) monitor food residues and enforce tolerance limits (NPIC, 2012a). 
2.3.1 Federal Regulations on Pesticide Application 
The two core statutes that give the USEPA authority to regulate the sale and use of pesticides are the 
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Federal Food, Drug, and Cosmetic 
Act (FFDCA) (USEPA, 2012j).  FIFRA established pesticide registration with the USDA and labeling 
provisions in 1947 (USEPA, 2012d).  FIFRA was amended in 1972 by the Federal Environmental Pesticide 
Control Act (FEPCA).  Following the amendment, FIFRA mandated that USEPA regulate the use and sale 
of pesticides to protect human health and preserve the environment (USEPA, 2012d).   FFDCA 
establishes pesticide tolerances for food and feed products, which is the maximum level of pesticide 
residues that are allowed in or on human food and animal feed (USEPA, 2012j).  The FDA and USDA 
monitor pesticide food residues and enforce tolerance limits (NPIC, 2012a). 
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The Food Quality Protection Act (FQPA) of 1996 made significant amendments to FIFRA including setting 
stricter standards for pesticides used on food (USEPA, 2012d).  The new standards consider the 
aggregate risk from dietary exposure and non-occupational sources of exposure such as drinking water 
and residential lawn use (USEPA, 2012j).  The USEPA has responsibility under the FQPA to evaluate risk 
from exposure to pesticides in drinking water (USGS, 2001).  
FIFRA focuses on agricultural use since pesticides are used extensively on agricultural products.  
Requests for approval of new pesticides must submit an application that includes environmental, health, 
and safety data (USEPA, 2012d).  Data from environmental fate studies are required as part of the 
application process to assess the effect of the pesticide residues on the environment, including the 
effect on nontarget organisms and their habitat (USEPA, 2012d).  A pesticide will not be approved if it 
causes “unreasonable adverse effects on the environment” (USEPA, 2012d).  Registration requires 
specific information on the crops and sites that the pesticide will be applied to (USEPA, 2012d).  USEPA 
is tasked with reviewing existing pesticide registrations every 15 years at a minimum (USEPA, 2012d).  As 
of 1996, USEPA has cancelled registration on more than 200 pesticides (USEPA, 2012d). 
The USEPA OPP is responsible for regulating the use of pesticides in the US and protecting human health 
and the environment (USEPA, 2012e).  Pesticides are applied using a variety of techniques that depend 
significantly on the purpose of the application.  Pesticides are commonly applied using aerial, ground, 
and subsurface application methods.  Reducing spray drift resulting from pesticide applications is 
important for protecting water resources, wildlife, and other sensitive areas (USEPA, 2012e).  The OPP 
supports several initiatives to reduce spray drift including improving the clarity and enforceability of drift 
restrictions and product label use directions, increasing understanding of spray drift, and facilitating best 
management practices to reduce drift and the use of drift reducing technologies (USEPA, 2012e). 
Water quality is regulated by the Clean Water Act (CWA) and Safe Drinking Water Act (SDWA).  The CWA 
regulates discharge of pollutants to surface water bodies.  The SDWA protects the quality of drinking 
water (USEPA, 2012j).  The concentrations of certain contaminants, including some pesticides, in 
drinking water are regulated by primary drinking water standards (National Primary Drinking Water 
Regulations).  National Primary Drinking Water Regulations are discussed further in Section 2.3.3.  The 
SDWA of 1996 requires the development of a screening and testing program for pesticides for possible 
endocrine disrupting effects (USEPA, 2012j).     
The USEPA regulates pesticide applications directly to water under the NPDES Pesticide General Permit 
(PGP) (USEPA, 2012g).  Pesticide applications to control mosquitos including larviciding and adulticiding 
that results in point source applications to waters are covered under the NPDES permit (USEPA, 2012h).  
However, pesticides are not typically applied directly to water.  Agricultural runoff and irrigation return 
flows are exempt from permitting (USEPA, 2012g).  The PGP is designed to minimize the discharge of 
pesticides to waters and consequently improve water quality (USEPA, 2012g).  The NPDES permitting 
requirements do not negate FIFRA requirements (USEPA, 2012h).  The PGP requires additional 
protective measures beyond FIFRA requirements including minimizing pesticide discharge through pest 
management measures and monitoring for and reporting any adverse incidents (USEPA, 2012g). 
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The USEPA is the NPDES permitting authority in Alaska, Idaho, Massachusetts, New Hampshire, New 
Mexico, Oklahoma, Washington DC, and most US territories and Indian Country lands (USEPA, 2012g).  
The remaining states are required to issue their own NPDES pesticide permits, which must be as 
stringent as the Federal requirements (USEPA, 2012g).     
2.3.2 State Regulations on Pesticide Application 
State agriculture offices are usually responsible for regulating pesticides (USEPA, 2012i).  This authority 
is provided to states by FIFRA and state pesticide laws (USEPA, 2012i).  State pesticide regulatory offices 
are responsible for registering pesticides products (NPIC, 2012b).  They are also responsible for licensing 
pest control companies, certifying pest control applicators, and enforcing pesticide laws (NPIC, 2012b).  
Most US States have community vector control programs (NPIC, 2012c).  For example, the State 
Reclamation and Mosquito Control Board oversees mosquito control in Massachusetts, which is housed 
in the Massachusetts Department of Agricultural Resources (MDAR, 2012). 
State departments of agriculture are represented by the National Association of State Departments of 
Agriculture (NASDA) (USEPA, 2012d).  The mission of NASDA is to develop, implement, and 
communicate sound policy and programs that support and promote the agricultural industry, while 
protecting consumers and the environment (USEPA, 2012d).  NASDA prepared a policy statement on 
pesticide regulation that covers a wide range of topics including its position on the role of states in the 
regulation of pesticides and regulation of pesticides applied in and over waters of the US (NASDA, 2012).  
In addition to the responsibilities described above, the policy asserts that states play an important role 
in the regulation of pesticides including protecting water resources, educating the public about the use 
of pesticides, and facilitating pesticide disposal and container recycling programs (NASDA, 2012).  These 
activities help to minimize the amount of pesticides that enter waters.     
2.3.3 Drinking Water Regulations 
The USEPA limits the concentration of regulated contaminants in drinking water.  The National Primary 
Drinking Water Regulations (also known as primary standards) are standards applicable to public 
drinking water systems.  As mentioned previously, malathion, naled, chlorpyrifos, temephos, 
permethrin, resmethrin, phenothrin (sumithrin), pyrethrins, and methoprene are commonly used 
pesticides for mosquito control (CDC, 2003; Peterson et al., 2006; Weston et al., 2006).  There are no 
primary standards (i.e. maximum contaminant levels or MCLs) for these pesticides (USEPA, 2009c).  
However, these pesticides were considered in the development of the third Contaminant Candidate List 
(CCL3) (USEPA 2009d).  The CCL3 is a list of contaminants that are not currently subject to any national 
primary drinking water regulations, that are known or anticipated to occur in public water systems, and 
which may require regulation under the SDWA (USEPA, 2009a).  The USEPA published the CCL3 on 
October 8, 2009 (USEPA 2009a).  The SDWA requires the development of CCLs (USEPA, 2009a). 
The CCL3 was developed from a broad list of 6,003 potential drinking water contaminants known as the 
CCL3 Universe (USEPA, 2009d).  One of the data sources utilized in the development of the CCL3 
Universe was pesticides registered under FIFRA (USEPA, 2009d).  All of the commonly used pesticides for 
mosquito control listed above were included in the CCL3 Universe (USEPA, 2009d).   
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The CCL3 Universe was refined to a list of 532 compounds known as the preliminary contaminant 
candidate list (PCCL) (USEPA, 2009f).  A screening process was used to develop the PCCL based on the 
potential of a contaminant to occur in a public water system (PWS) and to pose a potential public health 
concern (USEPA, 2009e).  Data on the amount of contaminant produced, released to the environment, 
and contaminant occurrence in water were used to evaluate the potential of a contaminant to occur in a 
PWS (USEPA, 2009e).  Environmental release data for pesticides was determined from the Toxics 
Release Inventory (TRI) and the National Pesticide Use Database, which was created by the National 
Center for Food and Agricultural Policy (NCFAP) (USEPA, 2009e).  Data from TRI are from 2002 and 
information from the National Pesticide Use Database reflects pesticide use in 1997 (released in 2000), 
which were the most recent data available (USEPA, 2009e).   
Health effect data included information on dose-response (potency) and categorical data on hazard 
(mostly related to carcinogenic potential) (USEPA, 2009e).  Examples of dose-response data include 
Lowest Observable Adverse Effects Level (LOAEL), No Observable Adverse Effects Levels (NOAEL), Lethal 
Dose 50 (LD50), and Reference Doses and their equivalents (RfDs and RfD-eq) (USEPA, 2009e).  LD50 is an 
estimate of a single dose that is expected to cause death of 50 percent of the exposed animals and RfD 
is a dose that is estimated to be without adverse health effects even for sensitive populations (USEPA, 
2009e).  Examples of categorical data include the International Agency for Research on Cancer (IARC) 
carcinogen classifications and National Toxicology Program (NTP) studies (USEPA, 2009e).  Contaminants 
were categorized into five categories for screening with toxicity category 1 being the most toxic and 5 
being the least toxic (USEPA, 2009e). 
Malathion, naled, and permethrin are commonly used pesticides for mosquito control included in the 
PCCL (USEPA, 2009e).  Table 2-3-1 summarizes the health effect data and occurrence data for malathion, 
naled, and permethrin used to qualify these pesticides for the PCCL from the CCL3 Universe.  The other 
commonly used pesticides for mosquito control did not meet the health effect and occurrence criteria 
for inclusion in the PCCL (USEPA, 2009e).  The drinking water equivalent value (DWEL) was used to 
evaluate the limit for inclusion in the PCCL.  The DWEL was calculated by multiplying the RfD in 
mg/kg/day by an adult body weight of 70 kg and dividing by a drinking water intake of 2 L/day (USEPA, 
2009e).  Health effects data for regulated contaminants and past CCL contaminants were also used in 
the evaluation (USEPA, 2009e).  A contaminant met the criteria for inclusion in the PCCL if the finished 
water or ambient water (FW or AW) concentration was greater than 1 µg/L for category 2 and greater 
than 10 µg/L for category 3 contaminants (USEPA, 2009e).  Based on the toxic screening category for 
malathion (category 2), the AW concentration of 9.58 µg/L met the criteria for inclusion in the PCCL 
(USEPA, 2009e). 
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Table 2-3-1: Health effect data and occurrence data for malathion, naled, and permethrin (adapted 
from USEPA, 2009e) 
Pesticide Health Effect 
Data Used for 
Screening 
Value  
(mg/kg-day) 
Toxic 
Screening 
Category 
Occurrence Data 
Used for 
Screening 
Value 
Malathion NOAEL 0.23 2 AW-Max Value1 9.58 µg/L 
Naled NOAEL 0.2 2 Release2 606,781 lbs/yr 
Permethrin NOAEL 5  3 Release2 1,068,390 lbs/yr 
1. AW-Max Value: maximum ambient water (AW) concentration 
2. Release: total release to the environment or pesticide application 
The limits for inclusion in the PCCL for contaminants with only environmental release data were set 
using the criteria developed in the first CCL and a set of test chemicals (USEPA, 2009e).  The set of test 
chemicals included some chemicals regulated by National Primary Drinking Water Standards, chemicals 
included in previous contaminant candidate lists, and a few chemicals on the CCL3 Universe that had 
complete occurrence data (USEPA, 2009e).  A contaminant met the criteria for inclusion in the PCCL if 
the application rate was more than 10,000 pounds per year (lbs/yr) for category 2 and more than 
100,000 lbs/yr for category 3 contaminants (USEPA, 2009e).  Based on the toxic screening categories for 
naled and permethrin (2 and 3, respectively), the total release for each pesticide (606,781 and 1,068,390 
lbs/yr, respectively) met the criteria for inclusion in the PCCL (USEPA, 2009e). 
The USEPA developed the CCL3 from the PCCL based on a structured classification process that 
objectively evaluated whether or not to list a contaminant on the CCL3 (USEPA, 2009f).  The 
classification process was based on the potential for occurrence in water, the potential for causing 
adverse health effects, and prioritizing the contaminants based on these criteria (USEPA, 2009f).  Similar 
to the PCCL evaluation process, the potential for occurrence was characterized by finished water 
concentration, ambient water concentration or environmental release data (e.g. TRI data) (USEPA, 
2009f).  The potential for causing adverse health effects was based on toxicological data including LD50, 
RfDs, cancer potency, LOAEL, or NOAEL (USEPA, 2009f).  Cancer potency was evaluated as the 
concentration in drinking water equivalent to an excess cancer risk of one case in 10,000 (10-4) (USEPA, 
2009f).  The cancer potency was obtained from Integrated Risk Information System (IRIS) Summary 
documents or calculated from the cancer slope factor (USEPA, 2009f).  The 10-4 risk concentration was 
calculated from the cancer slope factor using Equation 2-3-1 (USEPA, 2009f).  The 10-4 risk concentration 
is the concentration in mg/L of a contaminant in drinking water that is associated with an excess cancer 
risk of one case in 10,000 (USEPA, 2009f).   
10   Ris   oncentration 
0.0001       g da   
Slope  actor (mg  g da ) 1
 
Equation 2-3-1 
 
The classification model normalized the available data through a set of attribute scales and scoring 
mechanisms (USEPA, 2009f).  The classification model was calibrated using a training data set of 
regulated and unregulated chemicals to establish scoring protocols (USEPA, 2009f). 
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Attributes were used to characterize each contaminant based on occurrence and health effect data 
(USEPA, 2009f).  The attributes potency and severity were used to describe health effects (USEPA, 
2009f).  Potency reflects the lowest dose of a chemical that causes an adverse health effect and severity 
reflects the adverse health effect associated with the potency dose (e.g. dermatitis versus cancer) 
(USEPA, 2009f).  Table 2-3-2 summarizes data used for magnitude and prevalence scoring for the three 
pesticides commonly used for mosquito control that were selected for the PCCL (malathion, naled, and 
permethrin).  Data were not provided for the other commonly used pesticides for mosquito control 
because they did not make the PCCL.  Table 2-3-3 lists the resulting potency and severity scores.  The 
attribute scores increase with increasing concern (USEPA, 2009f).   
Table 2-3-2: Data used for potency, severity, magnitude and prevalence scoring for malathion, naled, 
and permethrin (Bolded data used in attribute scoring, adapted from USEPA, 2009e) 
Data Type Malathion Naled Permethrin 
EPA Office of Pesticide Programs RfD (mg/kg-d) 0.07 0.002 0.25 
EPA Integrated Risk Information System(IRIS) RfD (mg/kg-d) 0.02 0.002 0.05 
Office of Pesticide Programs Slope Factor (oral) NP4 NP4 0.0096 
IARC Carcinogen Classification1 3 NP4 3 
NAWQA2 Ambient Water Median Concentration (µg/L) 0.014 NP4 NP 
NCFAP3 Pesticide Application – total (lbs/yr) 5,809,943 605,456 1,066,056 
Number Of States That Applied Pesticide  42 16 48 
1. International Agency for Research on Cancer (IARC) Carcinogen Classification 3: Unclassifiable as to 
carcinogenicity in humans 
2. NAWQA: USGS National Water-Quality Assessment Program. Malathion was detected in 344 of 7,117 
sites samples (4.83%) (USEPA, 2008).  The concentrations ranged from 0.0015 to 9.58 µg/L (USEPA, 
2008).  The median value was 0.014 µg/L and the maximum concentration in 90% of detected samples 
was 0.086 µg/L (USEPA, 2008).  According to TRI release data, 10,288 pounds of malathion were applied 
to surface water in 2004 (USEPA, 2008). 
3. NCFAP: National Center for Food and Agricultural Policy 
4. NP: Data not provided 
Table 2-3-3: Scores and criteria for malathion, naled, and permethrin (adapted from USEPA, 2009e) 
Category 
Malathion Naled Permethrin 
Score Criteria Score Criteria Score Criteria 
Potency 4 
RfD (mg/kg-day) = 
0.0317 - 0.316 
6 
RfD (mg/kg-day) = 
0.000317 - 0.00316 
4 
10
-4
 Cancer risk (mg/L)= 
0.317 - 3.16 
Severity 3 
Transient, adaptive 
effects 
5 
Removal of chemical 
exposure will restore 
health back to prior 
condition 
8 
Chemical exposures 
that result in a fatal 
disorder and all types 
of tumors 
Magnitude 3 
AW Concentration  
>0.01 - 0.03 
6 
Pesticide use = 
300,001 - 1M 
7 
Pesticide use = 
1M - 3M 
Prevalence 9 
Sites w/ detections = 
2.51-10.00 % 
9 
# of states using 
pesticide = 16-25 
10 
# of states using 
pesticide =>25 
Note: different types of data (i.e. AW concentration versus pesticide use) used as criteria because of the 
data available for each pesticide (see Table 2-3-2) 
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Prevalence and magnitude were used to describe occurrence of the contaminant in the environment 
(USEPA, 2009f).  Magnitude indicates the potential concentration of a contaminant in the environment 
(USEPA, 2009f).  Prevalence indicates how widespread the occurrence may be in the environment 
(USEPA, 2009f).  For contaminants with finished or ambient water concentration data, the median 
concentration of detections was used for the magnitude score and the percent of sampling sites with 
detections was used for the prevalence score (USEPA, 2009f).  Persistence and mobility data including 
organic carbon partition coefficient (KOC), octanol/water partition coefficient (KOW), soil/water 
distribution coefficient (Kd), Henr ’s law coefficient (KH), solubility, half-life and degradation rate were 
used to estimate the potential for occurrence when only environmental release data were available 
(USEPA, 2009f).  The total amount of contaminant released to the environment nationally was used for 
the magnitude score and the number of states reporting releases was used for the prevalence score 
(USEPA, 2009f).  Table 2-3-2 summarizes data used for magnitude and prevalence scoring.  Table 2-3-3 
lists the resulting magnitude and prevalence scores for malathion, naled, and permethrin and the 
scoring criteria.     
 Three models including the artificial neural network model, classification tree with linear nodes 
(QUEST), and linear regression were used to classify each contaminant as list (L), not list (NL), L?, or NL? 
(USEPA, 2009f).  The classifications L? or NL? indicated that the model results were leaning towards 
listing or not listing, respectively, but there was some uncertainty (USEPA, 2009f).  The 3-model 
categorical prediction for malathion, naled, and permethrin were NL, L?, and L?-L, respectively (USEPA, 
2009f).  Category L?-L represents varied agreement between models (i.e. one model resulted in L? and 
another in L) (USEPA, 2009f).  USEPA also used the ratio of health effects to concentration for each 
contaminant to determine if the contaminant should be listed on the CCL3 (USEPA, 2009f).  For 
pesticides that did not have finished or ambient water concentration data, modeled occurrence data 
from the OPP Reregistration Eligibility Decision documents were used (USEPA, 2009f).  Reregistration 
Eligibility Decision documents contain approved pesticide uses, risk assessment data, and required 
measures to reduce risk from pesticide application.  A group of experts also reviewed the occurrence 
and health effects data, model results, and certainty of the data to evaluate if a contaminant should be 
listed on the CCL3 (USEPA, 2009f). 
Permethrin was selected from the PCCL for inclusion on the CCL3 (USEPA, 2009a).  Malathion and naled 
did not meet the criteria for the CCL3 (USEPA, 2009a).  Based on the attribute scoring summarized in 
Table 2-3-3, permethrin had a higher severity score than malathion and naled because permethrin is 
likely to be carcinogenic to humans by the oral route when humans are exposed to it at elevated 
concentrations (USEPA, 2009b; USEPA, 2009f).  The health reference level for permethrin calculated 
based on the cancer potency factor of (0.0096 mg/kg/day)-1 cancer is 3.65 µg/L (USEPA, 2008).  
According to the RED, malathion is classified as having suggestive evidence of carcinogenicity (USEPA, 
2009g).  The Reregistration Eligibility Decision document for naled does not address if it is carcinogenic 
(USEPA, 2002a).  It is interesting to note that the potency of naled is higher than permethrin and 
malathion because adverse health effects from exposure to naled are predicted at lower concentrations 
(USEPA, 2009f).  Permethrin had high scores for magnitude and prevalence (7 and 10, respectively) 
because 1,066,056 pounds of permethrin were applied in 48 states in 1997 (USEPA, 2009f).  However, 
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malathion had a lower score for magnitude (3) even though 5,809,943 pounds of malathion were 
applied in 42 states in 1997 (USEPA, 2009f).  The reason for this discrepancy is that the magnitude score 
for malathion was based on ambient water concentration, which takes priority over environmental 
release data under the scoring methodology (USEPA, 2009f).   
According to the Reregistration Eligibility Decision document for permethrin, the cancer potency factor 
is (0.0096 mg/kg/day)-1 (USEPA, 2009b).  This value is consistent with the value used for the CCL3 
attribute scoring (USEPA, 2009f).  Toxicological studies show permethrin caused lung and liver tumors in 
mice and equivocal evidence of carcinogenicity in Long-Evans rats (USEPA, 2009b).  According to the 
RED, the estimated lifetime average daily exposure of the general US population to permethrin from 
food and drinking water is 0.000117 mg/kg/day (USEPA, 2009b).  Using the cancer potency factor, this 
results in a combined cancer risk of 1.1 x 10-6, which the USEPA considers to be within the negligible risk 
range of  1 x 10-6 and does not exceed the level of concern (USEPA, 2009b).  This value represents the 
excess number of cancer cases potentially attributed to exposure to the pesticide (USEPA, 2009b).  For 
drinking water alone, the cancer risk estimate is 1.52 x 10-7, which assumes the average daily exposure 
from drinking water is 1.58 x 10-5 mg/kg/day (USEPA, 2009b).  
The USEPA developed drinking water Health Advisories (HA) for malathion and chlorpyrifos (USEPA, 
2012k).  Lifetime HAs are concentrations of drinking water contaminants that are not expected to cause 
any noncancer adverse health effects over a lifetime of exposure (USEPA, 2012k).  The lifetime HA for a 
given contaminant is calculated from the DWEL (consumption of 2 liters of water per day by a 70 kg 
adult) (USEPA, 2012k).  The lifetime HAs assume 20% of exposure from drinking water and the other 
80% from other sources (USEPA, 2012k).  Lifetime HAs for malathion and chlorpyrifos are 0.5 mg/L and 
0.002 mg/L, respectively (USEPA, 2012k).  The HAs provide technical guidance for unregulated drinking 
water contaminants. 
2.4 Environmental Occurrence 
This section provides a discussion of pesticide occurrence in groundwater, surface water, sediment, and 
drinking water.  Pesticides are widespread in streams and groundwater throughout the US (Gilliom, 
2007).  The frequency of pesticide detection in streams and groundwater increases for samples collected 
in developed watersheds (Gilliom, 2007).  A study was conducted by the US Geological Survey (USGS) 
and the USEPA on pesticide concentrations in twelve water supply reservoirs and associated finished 
waters throughout the US in 1999 and 2000 (USGS, 2001).  The results of the study showed that a total 
of 108 different pesticides and degradation products were detected among all the samples analyzed 
(USGS, 2001). 
2.4.1 Groundwater, Surface Water, and Sediment 
The USGS conducted a 10-year study from 1992 to 2001 to evaluate the occurrence of pesticides in 
streams, groundwater, and sediment (Gilliom et al., 2006).  The National Water-Quality Assessment 
Program (NAWQA) project included sampling  1 major river basins and aquifer s stems (“stud  units”) 
throughout the US (Gilliom et al., 2006).  Water samples were collected from 186 stream sites and 5,047 
groundwater wells within the study units (Gilliom et al., 2006).  The study units account for more than 
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70% of the total water use in the US and more than 50% of the population served by public water 
supplies and domestic wells (Gilliom et al., 2006).  Water samples were analyzed for 75 pesticides and 8 
degradates following filtration (Gilliom et al., 2006).  Most of the pesticides are still in use today (Gilliom, 
2007).  Pesticides were also analyzed in fish collected from 700 stream sites and sediment samples 
collected from 1,052 stream sites (Gilliom et al., 2006).  Commonly used pesticides for mosquito control 
in the US including malathion, chlorpyrifos, and permethrin were analyzed as part of the assessment 
program (Gilliom et al., 2006).   
Stream sampling was generally conducted throughout a one year period and included high and low flow 
conditions (Gilliom et al., 2006).  Sampling was most frequent during times of high pesticide use and 
runoff (Gilliom et al., 2006).  One groundwater sample was generally collected from each observation or 
domestic supply well (Gilliom et al., 2006).  Repeat sampling was not conducted because of the 
relatively slow rate of change in most of the groundwater systems as compared to streams (Gilliom et 
al., 2006).  Shallow groundwater (generally less than 20 feet) was sampled in agricultural, urban, and 
undeveloped areas (Gilliom et al., 2006).  Deeper groundwater was sampled from wells in major 
aquifers that were often potential sources of drinking water and affected by a mixture of land uses 
(Gilliom et al., 2006).  Bed sediment samples were collected from several depositional areas within a 
stream on a single date generally during low-flow conditions (Gilliom et al., 2006).  The samples were 
composited into a single sample for pesticide analysis (Gilliom et al., 2006).  The sediment samples were 
analyzed for a limited number of pesticides including mostly organochlorine compounds (Gilliom et al., 
2006).  Most of these organochlorine compounds, including DDT, are not currently in use (Gilliom et al., 
2006).  The sediment samples were, however, analyzed for permethrin (Gilliom et al., 2006). 
Chlorpyrifos, malathion, and permethrin, which are used commonly for mosquito control, are among 
the most used agricultural insecticides (Gilliom et al., 2006).  The annual agricultural use of chlorpyrifos, 
malathion, and permethrin in 1997 was approximately 13, 6, and 1 million pounds, respectively (Gilliom 
et al., 2006).  Pesticides are also used in urban and mixed land-use settings (Gilliom et al., 2006).  
Sources of pesticides in water samples may be from agricultural uses or nonagricultural uses including 
public health applications to control mosquitos.  Other nonagricultural uses include the application of 
pesticides to control pests on lawns and gardens and in commercial areas (Gilliom et al., 2006).   
The NAWQA pesticide study indicated that pesticides or degradates were detected more than 90% of 
the time in streams in agricultural, urban, and mixed land use areas (Gilliom et al., 2006).  Pesticides 
were generally detected less frequently in groundwater samples than in stream samples (Gilliom et al., 
2006).  Pesticides or degradates were detected in 61% and 55% of the samples collected from shallow 
groundwater wells in agricultural and urban areas, respectively (Gilliom et al., 2006).  Some areas use 
shallow groundwater as a source of drinking water and shallow groundwater can migrate downward 
into deeper aquifers (Gilliom et al., 2006).  Gilliom et al. (2006) found that 33% of the deeper wells that 
tap major aquifers in mixed land use areas contained one or more pesticide or degradate (Gilliom et al., 
2006).  Organochlorine pesticides and degradates were detected in 57% to 94% of the fish tissue and 
bed sediment samples collected in agricultural, urban, and mixed land uses settings (Gilliom et al., 
2006).   
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Gilliom et al. (2006) provided statistical data on the frequency of detection and maximum pesticide 
concentration for pesticides investigated in the study.  Table 2-4-1 summarizes these data for 
chlorpyrifos, malathion, and permethrin in stream and groundwater samples.  Chlorpyrifos and 
malathion were detected most in urban settings whereas permethrin was detected most in mixed land 
use settings but at a low frequency (only 0.53% of the mixed land use samples had detectable levels of 
permethrin) (Gilliom et al., 2006).  The maximum concentration of chlorpyrifos, malathion, and 
permethrin in stream samples were 0.300 µg/L, 0.670 µg/L, and 0.019 µg/L, respectively (Gilliom et al., 
2006).  Concentrations of these pesticides in groundwater samples were generally lower than in stream 
samples with maximum concentrations of 0.0207 µg/L, 0.1 µg/L, and 0.007 µg/L for chlorpyrifos, 
malathion, and permethrin, respectively (Gilliom et al., 2006). 
Table 2-4-1: Frequency of detection and maximum concentration of chlorpyrifos, malathion, and cis-
permethrin in stream and groundwater samples (adapted from Gilliom et al., 2006) 
Land Use 
Chlorpyrifos Malathion cis-Permethrin 
Detection 
Frequency 
(%) 
Maximum 
Concentration 
 (µg/l) 
Detection 
Frequency 
(%) 
Maximum 
Concentration 
 (µg/l 
Detection 
Frequency 
(%) 
Maximum 
Concentration 
 (µg/l 
Streams 
Agriculture 11.55 0.220 5.50 0.523 0.18 0.019 
Urban 29.80 0.300 16.96 0.634 0 <0.003 
Mixed 17.23 0.154 6.74 0.670 0.53 0.013 
Undeveloped 3.07 0.014 3.45 0.006 0 <0.003 
Groundwater 
Agriculture 0.86 0.0207 0.5 0.1 0.14 0.007 
Urban 0.59 0.0051 0.23 0.0096 0 <0.003 
Mixed 0.18 0.0067 0.4 0.0326 0 <0.003 
Undeveloped 0 <0.003 0 <0.014 0 <0.003 
Table 2-4-2 provides statistical data for permethrin levels in sediment samples.  Sediment samples were 
not analyzed for chlorpyrifos and malathion.  Cis-permethrin was detected most frequently (1.83%) in 
stream samples collected from agricultural settings (Gilliom et al., 2006).  The maximum concentration 
of cis-permethrin was 26.0 µg/kg (Gilliom et al., 2006).  Trans-permethrin was detected more frequently 
(4.23%) in urban settings with a maximum concentration of 15.1 µg/kg (Gilliom et al., 2006).   
Table 2-4-2: Frequency of detection and maximum concentration of cis-permethrin and trans-
permethrin in bed sediment samples (adapted from Gilliom et al., 2006) 
Land Use 
cis-Permethrin trans-Permethrin 
Detection 
Frequency 
(%) 
Maximum 
Concentration 
 (µg/kg dry weight) 
Detection 
Frequency 
(%) 
Maximum 
Concentration 
 (µg/kg dry weight) 
Agriculture 1.83 26.0 1.39 15.0 
Urban 2.82 10.4 4.23 15.1 
Mixed 0 <5 0 <5 
Undeveloped 0.36 18.0 0.75 14.0 
 
19 
Permethrin is rapidly adsorbed to sediments in natural waters (Sharom and Solomon, 1981).  Permethrin 
[(3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate)] degrades by 
hydrolysis to 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylic acid (DCVA) and 3-
phenoxybenzyl alcohol (PBAl)  in soil (Kaufman et al., 1981).  Soil microorganisms contribute to the 
degradation of permethrin (Kaufman et al., 1981).  Sharom and Solomon (1981) found that the amount 
of trans-permethrin remaining in solution after 12 weeks in lake water and water containing sediment 
was 0 % and 32 %, respectively.  DCVA was the only degradation product that was detected (Sharom and 
Solomon, 1981).  Permethrin degraded more slowly in the water containing sediment because the 
adsorption of permethrin to sediment made it less available to microorganisms (Sharom and Solomon, 
1981). 
 
2.4.2 Water Supply Reservoirs and Drinking Water 
The USGS and USEPA conducted a pilot monitoring program in 1999 and 2000 to obtain data on 
pesticide concentrations in drinking water (USGS, 2001).  Prior to this study, there were limited data on 
the occurrence of pesticides in drinking water (USGS, 2001).  Water samples were collected from 12 
water supply reservoirs at the raw water intake and finished drinking water tap (USGS, 2001).  The 
reservoirs were located in California, Indiana, Ohio, Oklahoma, Louisiana, Missouri, South Carolina, 
South Dakota, New York, North Carolina, Pennsylvania, and Texas (USGS, 2001).  Sampling was 
conducted quarterly and weekly or bi-weekly following pesticide applications (USGS, 2001).  The 
samples were analyzed for 178 pesticides and degradation products including chlorpyrifos, chlorpyrifos 
oxygen analog (oxidation product of chlorpyrifos), cis-permethrin, temephos, malathion, and malaoxon 
(oxidation product of malathion) (USGS, 2001). 
The sampling sites consisted of small drinking water supply systems with high pesticide use (USGS, 
2001).  These sites were considered to be vulnerable to pesticide contamination based on reservoir size 
and estimates of pesticide use and runoff (USGS, 2001).  Treatment steps used by the community water 
systems included coagulation, flocculation, sedimentation, filtration, and/or disinfection (USGS, 2001).  
Filtration methods included micro-filtration, activated carbon filters, oxidizing filters, sand, or 
neutralizing filters (USGS, 2001).  Disinfectants utilized at each treatment plant varied and included 
chlorine, chloramines, chlorine dioxide, ozone, and/or ultraviolet radiation (USGS, 2001).  Some 
treatment plants employed seasonal modifications to treatment processes (USGS, 2001).  For example, 
the Indianapolis Water Company in Indiana used powdered activated carbon as needed following spring 
runoff (USGS, 2001). 
The results of the USGS (2001) study showed that conventional water treatment did not completely 
remove pesticides from drinking water.  However, the concentrations of pesticides in the finished 
drinking water samples were below the USEPA drinking water standards (USGS, 2001).  Between 9 and 
30 pesticides were detected in the finished water samples from each of the 12 treatment plants (USGS, 
2001). 
The two most frequently detected insecticides in raw water samples were diazinon and chlorpyrifos 
(USGS, 2001).  The detection frequencies were 35.5% and 5.3%, respectively (USGS, 2001).  These 
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compounds were not detected in finished water samples (USGS, 2001).  The 2004 Reregistration 
Eligibility Decision document for diazinon cancelled all residential uses of diazinon (USEPA, 2004).  The 
only approved public health uses of diazinon are for control of fire ants in blueberry fields and for the 
control of plague infected fleas on squirrels in California (USEPA, 2004).  Diazinon is also used in 
agriculture (USEPA, 2004).   
The Reregistration Eligibility Decision document for chlorpyrifos lists mosquito adulticide for public 
heath protection as an acceptable use (USEPA, 2002b).  Chlorpyrifos is also used extensively in 
agriculture (USEPA, 2002b).  Chlorpyrifos was detected in 17 of 323 raw water samples collected (USGS, 
2001).  The method reporting limit for chlorpyrifos was 0.004 µg/L (USGS, 2001).  The 95th percentile 
value and maximum concentration were 0.004 µg/L and 0.034 µg/L, respectively (USGS, 2001).  
Chlorpyrifos was not detected in any of the 228 finished water samples (USGS, 2001).  Since chlorpyrifos 
was detected frequently in raw water samples but not in finished water samples, chlorpyrifos was either 
removed or transformed during the treatment processes.  Chlorpyrifos is readily oxidized to its 
corresponding oxon during chlorination.  The chlorpyrifos oxygen analog was not detected in any 
finished water samples (USGS, 2001).  At elevated pH levels, the chlorpyrifos oxon degrades by alkaline 
hydrolysis to the stable end product 3,5,6-trichloro-2-pyridinol (TCP) (Duirk and Collette, 2006).  The 
water samples were not analyzed for TCP (USGS, 2001).  Chlorpyrifos could also have been removed by 
other treatment steps.  
Malathion was detected in 6 out of 323 raw water samples (1.9%) but not in any of the 228 finished 
water samples analyzed for malathion (USGS, 2001).  The maximum malathion concentration detected 
was 0.106 µg/L (USGS, 2001).  Malathion is readily oxidized to its corresponding oxon, malaoxon, during 
chlorination.  Malaoxon was detected in 11 out of 221 finished water samples (5.0%) at a maximum 
concentration of 0.556 µg/L (USGS, 2001).  Malaoxon was not detected in any of the 317 raw water 
samples analyzed for malaoxon above the detection limit of 0.016 µg/L (USGS, 2001).  The number of 
raw water samples and finished water samples for malathion and malaoxon were different because 
different analytical methods were used to quantify each of the compounds (USGS Method 2001 for 
malathion and USGS Method 9002 for malaoxon, which is a provisional method) (USGS, 2001).   It is 
interesting to note that the number of detections of malaoxon in finished water samples (11) was more 
than the number of detections of malathion in raw water samples (6) even though the number of 
finished water samples analyzed for malaoxon (221) was fewer than the number of raw water samples 
analyzed for malathion (323).  Each of the malaoxon detections (11) in finished water were in samples 
collected at the Tensas Water Distribution Association site in Louisiana (21 finished water samples were 
analyzed for malaoxon) (USGS, 2001).  Five out of 22 of the corresponding raw water samples had 
malathion detections (USGS, 2001).  The 6th malathion detection was from a raw water sample collected 
from the Higginsville Reservoir in Missouri (USGS, 2001).  The USGS (2001) study indicated that three of 
the samples where malaoxon was detected in finished water, the corresponding raw water sample 
contained malathion (USGS, 2001).   
Permethrin was not detected in any of the raw or finished water samples (the method detection limit 
was 0.005 µg/L) (USGS, 2001).  Temephos was also not detected in any of the raw or finished water 
samples (the method detection limit for temephos was 0.031 µg/L). 
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Donald et al. (2007) investigated the occurrence of 45 pesticides in water supply reservoir and drinking 
water samples collected from 15 communities in the northern Great Plains in Manitoba, Saskatchewan, 
and Alberta, Canada.  Pesticides have been detected in atmospheric samples, in groundwater samples, 
and in surface water samples in the northern Great Plains of the US and Canada (Donald et al., 2007).  
Samples were collected frequently during the pesticide application period in the spring and less 
frequently during the remainder of the year from 2003 through 2005 (Donald et al., 2007).  
Simultaneous samples were collected from the reservoirs and treated drinking water to determine 
pesticide removal by the water treatment plant (Donald et al., 2007).  Two of the 45 pesticides analyzed 
were pesticides commonly used in the US for mosquito control (chlorpyrifos and malathion).  
Chlorpyrifos and malathion are also used extensively for agriculture in the US. 
Snow melt and rainfall runoff from agricultural land were the primary sources of pesticides in the water 
supply reservoirs (Donald et al., 2007).  Pesticides applied to the agricultural land can be transported 
into the reservoirs via runoff (Donald et al., 2007).  Pesticides can also be transported into the reservoirs 
by application drift, post-application vapor loss, and wind erosion of soil (Donald et al., 2007). 
Water treatment methods utilized by the 15 communities include alum and/or potassium 
permanganate addition, sand filtration, and chlorination prior to discharge to the water distribution 
system (Donald et al., 2007).  Some of the smaller treatment plants used pretreatment aeration and 
copper sulfate addition (Donald et al., 2007).  Twelve of the communities also used activated carbon 
treatment and one community used membrane filtration (Donald et al., 2007).   
The results of the study showed that a total of 31 different pesticides were detected among all the 
samples analyzed (Donald et al., 2007).  The pesticides that were detected included two 
organophosphate insecticides, 27 herbicides, and two degradation products (Donald et al., 2007).  
Chlorpyrifos was detected in 5 out of 30 reservoir samples at a maximum concentration of 20.1 ng/L 
(the detection limit was 14.8 ng/L) (Donald et al., 2007).  Malathion was not detected in any of the 
reservoir samples (Donald et al., 2007).   
The drinking water sample results showed that between three and 15 herbicides were detected at each 
location (Donald et al., 2007).  The reduction in herbicide concentration following treatment was highly 
variable and ranged from 14 to 86% (Donald et al., 2007).  The treatment process used did not correlate 
closely with the percent herbicide reduction (Donald et al., 2007).  However, the treatment plant that 
utilized membrane filtration showed the highest average percent reduction (Donald et al., 2007).  
Donald et al. (2007) did not report the reduction in insecticide concentrations following treatment 
(Donald et al., 2007).  Concentrations of individual pesticides did not exceed the Health Canada drinking 
water guidelines (Donald et al., 2007).  Several samples contained a mixture of pesticides and no 
standards in Canada have been established for pesticide mixtures (Donald et al., 2007).  It was not clear 
if the toxicity of a mixture of pesticides is different from the sum of the toxicities of individual pesticides 
(Donald et al., 2007).  This would likely depend on the class of the pesticides and their mode of action. 
The USGS conducted a study of the lower Clackamas River basin in Oregon basin from 2000 to 2005 to 
evaluate pesticide occurrence and distribution (USGS, 2008).  The Clackamas River basin provides 
22 
drinking water to more than 300,000 residents (USGS, 2008).  Sampling was conducted in the lower-
basin tributaries and from the main Clackamas River (USGS, 2008).  Sampling was performed in the 
tributaries primarily during storms (USGS, 2008).  Samples of raw water and finished drinking water 
from one of four drinking water treatment facilities supplied by the Clackamas River basin were also 
collected (USGS, 2008).  The raw and finished water samples were collected at regular intervals and also 
targeted a storm in 2005 (USGS, 2008).  The treatment plant uses coagulation, sedimentation and direct 
filtration with multimedia rapid sand filtration technology (USGS, 2008).  Disinfection using gaseous 
chlorine is conducted near the beginning of the treatment process (USGS, 2008).  Occasionally 
powdered activated carbon is used to reduce odors and improve taste (USGS, 2008).  The following 
pesticdes commonly used for mosquito control were included in the study: malathion, naled, 
chlorpyrifos, temephos, and cis-permethrin (USGS, 2008). 
A total of 63 pesticides and degradates were detected in the water samples (USGS, 2008).  The 
detections included 33 herbicides, 15 insecticides, six fungicides, and nine pesticide degradation 
products (USGS, 2008).  The maximum pesticide detections were in medium-sized streams that drain a 
mix of agricultural land, pasture land, and rural residential areas (USGS, 2008).  Pesticides were detected 
frequently in storm water samples (USGS, 2008).  Samples with the highest concentration of pesticides 
also had relatively high turbidity values (USGS, 2008).  Concentrations of pesticides detected were 
generally lower in the Clackamas River itself (USGS, 2008).  At least one pesticide was detected in 65% of 
the samples collected from the Clackamas River (USGS, 2008).   
Concentrations of four insecticides including chlorpyrifos, diazinon, azinphos-meth l, and p,p’-DDE 
exceeded USEPA aquatic-life benchmarks in samples collected from six creeks (USGS, 2008).  
Concentrations of several other pesticides, including malathion and chlorpyrifos, were detected at 
concentrations exceeding non-USEPA aquatic-life benchmarks established by the State of Oregon, the 
National Academy of Sciences/National Academy of Engineering and/or the Canadian Council of 
Ministers of the Environment (USGS, 2008).   
Pesticides were detected in 60% of the treated drinking water samples (USGS, 2008).  These detections 
included 10 herbicides, one insecticide, one fungicide, one insect repellent and two pesticide 
degradates.  Some treated drinking water samples showed detections of multiple pesticides (USGS, 
2008).  The concentrations of pesticides were well below the USEPA MCLs or USGS human health-based 
screening levels, where applicable (USGS, 2008).  However, current benchmarks do not account for 
exposure to mixtures of pesticides (USGS, 2008).   
Malathion was detected in 2 samples collected from tributaries at a maximum concentration of 0.047 
µg/L (USGS, 2008).  Chlorpyrifos was detected in 23 samples collected from tributaries and 2 samples 
collected from the Clackamas River/source water (USGS, 2008).  The finished water sample 
corresponding to the chlorpyrifos detection in the source water sample did not show detectable levels 
of chlorpyrifos (USGS, 2008).  The maximum concentration of chlorpyrifos was 0.56 µg/L, which was 
detected in a storm sample collected from a tributary (USGS, 2008).  The next highest detection (0.017 
µg/L) was observed in a sample also collected from a tributary (USGS, 2008).  Naled, temephos, and cis-
permethrin were not detected in any of the samples (USGS, 2008).  The detection limits for naled, 
23 
temephos, and cis-permethrin were 0.4 µg/L, 0.3 µg/L, and 0.005 – 0.006 µg/L, respectively (USGS, 
2008).   
2.5 Drinking Water Treatment Methods 
Treatment methods to remove or transform pesticides in drinking water include conventional 
treatment, advanced oxidation, adsorption, nanofiltration, and reverse osmosis (Lu et al., 1999; Ormad 
et al., 2008; Crittenden et al., 2012; Plakas et al., 2012).  As discussed previously, classes of insecticide 
active ingredients commonly used in the US to control adult mosquitos are organophosphates, 
pyrethroids and pyrethrins.  Most studies on drinking water treatment that include pesticides used to 
control mosquitos in the US focus on organophosphates.  There are very few studies that have 
investigated methods to treat pyrethroids in drinking water.  
2.5.1 Conventional Treatment Methods  
Conventional water treatment processes include coagulation, flocculation, sedimentation, and granular 
media filtration.  Studies have shown that the ability of a conventional treatment plant to remove or 
degrade a pesticide depends on a variety of factors including the influent water characteristics (e.g. 
amount of organic carbon, pH), type and contact time of oxidant used, the operation of the treatment 
plant (e.g. backwash frequency), and the characteristics of the pesticide itself (Coupe and Blomquist, 
2004).   
According to the World Health Organization (WHO) (2008), permethrin, which is a pyrethroid pesticide, 
is readily removed by conventional treatment methods.  However, literature on the removal of 
pyrethroids from drinking water, including permethrin, supporting this statement is lacking.  
Ormad et al. (2008) studied the effectiveness of several water treatment methods commonly used in 
Spain to remove 44 pesticides detected in the Ebro River Basin.  The conventional drinking water 
treatment methods evaluated included preoxidation with chlorine or ozone and coagulation-flocculation 
with aluminum sulphate (Ormad et al., 2008).  A major problem with preoxidation with chlorine, 
however, is the formation of disinfection byproducts (Ormad et al., 2008).  The types of pesticides 
investigated included mostly herbicides, as well as organophosphate and organochlorine insecticides, 
algaecides, microbicides, and fungicides (Ormad et al., 2008).  The only pesticide used in the US for 
mosquito control that was evaluated in the study was chlorpyrifos, which is an organophosphate 
insecticide.     
Ormad et al. (2008) examined preoxidation and coagulation-flocculation experimentally.  Preoxidation 
by chlorine was conducted using sodium hypochlorite (NaClO) dosed at 18 mg/L as Cl2 (0.25 mM) 
(Ormad et al., 2008).  This chlorine dose is higher than typical chlorine doses, which are on the order of 
2 to 4 mg/L (Broseus et al., 2009).  Chlorine residuals in finished drinking water are limited by the Stage 
2 Disinfectants and Disinfection Byproducts Rule (DBPR) which regulates the chlorine maximum residual 
disinfection level (MRDL) (USEPA, 2006).  The MRDL for chlorine in drinking water is 4.0 mg/L as Cl2 (0.06 
mM) (USEPA, 2006).  Typical chlorine dosages used in conventional treatment plants for disinfection 
depend on the log inactivation required for disinfection, contact time, and the pH of the water treated 
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(USEPA, 2009).  Preoxidation by ozone was conducted using a corona discharge generator dosed at 4.3 
mg/L O3 (Ormad et al., 2008).  This is a typical ozone dose used in drinking water, which typically range 
from 2 to 5 mg/L O3 (Broseus et al., 2009).   
The initial chlorpyrifos concentration was 520 ng/L (1.48x10-6 mM) (Ormad et al., 2008).  Samples dosed 
with chlorpyrifos from the Ebro River were used for the simulated drinking water treatments (Ormad et 
al., 2008).  Coagulation-flocculation was conducted using several dosages of aluminum sulfate ranging 
between 10 mg/L and 40 mg/L,  and evaluated individually and in combination with chlorination and 
ozonation (see Table 2-5-1 for experiments conducted) (Ormad et al., 2008).  For combined treatment, 
preoxidation was conducted prior to aluminum sulfate addition (Ormad et al., 2008).  The experimental 
results are summarized in Table 2-5-1 for chlorpyrifos (Ormad et al., 2008). 
Table 2-5-1: Removal efficiency of chlorpyrifos using ozone, aluminum sulfate, chlorine, and a 
combination of these treatments (adapted from Ormad et al., 2008) 
Treatment Method Removal Efficiency (%) 
O3 80 
O3 + 20 mg/L Al 80 
O3 + 40 mg/L Al 80 
Chlorine 100* 
Chlorine + 10 mg/L Al 100* 
Chlorine + 20 mg/L Al 100* 
10 mg/L Al 40 
20 mg/L Al 40 
40 mg/L Al 40 
*The analytical detection limit for chlorpyrifos was 0.015 µg/L (Ormad et al., 2008). 
 
Removal percentages for coagulation-flocculation alone were low (40%) and the dosage of aluminum 
sulfate did not affect percent removal (Ormad et al., 2008).  Preoxidation using ozone transformed 80% 
of chlorpyrifos (Ormad et al., 2008).  Combining ozonation with aluminum sulfate did not increase 
percent removal versus one alone (Ormad et al., 2008).  Preoxidation by chlorine transformed 100% of 
the chlorpyrifos (Ormad et al., 2008).  The analytical detection limit for chlorpyrifos was 0.015 µg/L 
(Ormad et al., 2008). 
Several studies have shown that organophosphates that have sulfur double bonds to the central 
phosphorous atom generally form oxons during chemical disinfection by chlorine (Duirk and Collette, 
2006; Ohno et al., 2008; Kamel et al., 2009).  These studies are discussed below.  Many of the commonly 
used organophosphate pesticides used to control mosquitos have sulfur double bonds to the central 
phosphorous atom including chlorpyrifos, malathion, and temephos.  The oxon derivatives of 
organophosphate insecticides are between 10 and 100-times more toxic than the parent 
organophosphate (Kamel et al., 2009). 
Duirk and Collette (2006) evaluated the fate of chlorpyrifos in drinking water treated with hypochlorous 
acid (HOCl).  The initial concentration of chlorpyrifos used for the experiments was 1 µM (0.35 mg/L) 
(Duirk and Collette, 2006).  This concentration of chlorpyrifos is higher than generally observed in 
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streams and groundwater in the US (Gilliom et al., 2006).  Chlorine doses were 20 µM (1.42 mg/L) and 
100 µM (7.1 mg/L) (Duirk and Collette, 2006).  Duirk and Collette (2006) found that chlorpyrifos rapidly 
oxidized to the chlorpyrifos oxon in the presence of free chlorine.  At pH 7.1 and a total chlorine 
concentration of 20 µM, nearly all of the chlorpyrifos was oxidized within 5 minutes and chlorpyrifos 
was not detected after 35 minutes (Duirk and Collette, 2006).  At a near neutral pH and total chlorine 
concentration of 100 µM, the chlorpyrifos oxon was the primary degradation product, which is more 
toxic than chlorpyrifos (Duirk and Collette, 2006).  At elevated pH levels, the chlorpyrifos oxon degraded 
by alkaline hydrolysis to the stable end product 3,5,6-trichloro-2-pyridinol (TCP) (Duirk and Collette, 
2006).  Duirk and Collette (2006) found that the formation of the chlorpyrifos oxon is controlled by the 
presence and availability of total chlorine and that its stability is pH dependent.  
Kamel et al. (2009) investigated the formation of oxidation products from the chlorination of temephos, 
which is a commonly used organophosphate larvicide for controlling mosquitos.  Kamel et al. (2009) 
investigated the stability of temephos in both chlorinated and unchlorinated water with 9 other 
organophosphate pesticides (bensulide, chlorethoxyfos, disulfoton, methidathion, methyl parathion, 
phorate, phosmet, phostebupirim, and terbufos) at a concentration of 100 µg/L each and in chlorinated 
water with 5 mg/L of temephos only (100 µg/L and 5 mg/L of temephos are equivalent to 2.2x10-4 mM 
and 0.011 mM, respectively).  For the chlorinated solutions, sodium hypochlorite was added to achieve a 
minimum free chlorine concentration of 4 mg/L (0.06 mM) after 24 hours to reflect the maximum 
disinfectant residual the pesticides would be subject to in the chlorination process in a water treatment 
plant (Kamel et al., 2009).  Kamel et al. (2009) conducted sampling prior to chlorination and 1, 4, 24, and 
72 hours following chlorination.  For the solution with 5 mg/L of temephos only, samples were also 
collected immediately after chlorination and after 15 minutes to determine the oxidation products 
(Kamel et al., 2009).  The solutions were analyzed using both gas chromatography-mass selective 
detection (GC-MSD) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Kamel et al., 
2009).  Recoveries were low for LC-MS/MS (18% to 20%) and therefore only the results obtained using 
GC-MSD are discussed here (Kamel et al., 2009).  The detection limit for GC-MSD was between 1 and 5 
µg/L (Kamel et al., 2009).  Table 2-5-2 summarizes the concentrations of temephos in the chlorinated 
and unchlorinated samples obtained using GC-MSD that contained the other 9 organophosphate 
pesticides.  
Table 2-5-2: Concentrations of temephos in chlorinated and unchlorinated samples (adapted from 
Kamel et al., 2009) 
Time 
(hr) 
Chlorinated Water 
(µg/L) 
Unchlorinated Water 
(µg/L) 
Spike Recovery 
(%) 
0 93.5 94.0 100.0 
1 Non-Detect 121.0 Not Analyzed 
4 Non-Detect 93.0 82.0 
24 Non-Detect 43.0 Not Analyzed 
72 Non-Detect 11.0 100.0 
Temephos degraded in unchlorinated water to 11 µg/L after 72 hours (Kamel et al., 2009).  Temephos 
was transformed more quickly in chlorinated water (Kamel et al., 2009).  Temephos was not detected 
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after 1 hour in the chlorinated sample (Kamel et al., 2009).  Temephos was oxidized to temephos 
sulfoxide and temephos oxon sulfoxide in the chlorinated samples with 5 mg/L of temephos initially 
(Kamel et al., 2009).  These oxidation products were further oxidized to temephos dioxon sulfoxide and 
temephos dioxin sulfone (Kamel et al., 2009).  
Fielding and Haley (1989) investigated the fate of permethrin under chlorination using sodium 
hypochlorite (NaOCl).  At the time this study was conducted (1989), permethrin was dosed into drinking 
water supplies at low concentrations (approximately 10 to 20 µg/L) to remove aquatic invertebrates 
(Fielding and Haley, 1989).  The addition of permethrin to drinking water is not currently an approved 
use under FIFRA (USEPA, 2009b).  Fielding and Haley (1989) found that permethrin at an initial 
concentration of 10 µg/L (2.6x10-5 mM) was not transformed by chlorine under a total available chlorine 
dose of 8 mg/L (0.11 mM).   
Treatment using free chlorine degrades organophosphate pesticides commonly used for mosquito 
control (Duirk and Collette, 2006; Ormad et al., 2008; Kamel et al., 2009).  Organophosphates that have 
sulfur double bonds to the central phosphorous atom generally form oxons during disinfection by 
chlorine (Duirk and Collette, 2006; Ormad et al., 2008; Kamel et al., 2009).  However, the oxon 
derivatives of organophosphate insecticides are between 10 and 100-times more toxic than the parent 
organophosphate (Kamel et al., 2009). 
2.5.2 Advanced Oxidation 
Advanced oxidation techniques utilize combinations of oxidants (such as UV light, ozone, and hydrogen 
peroxide), iron salts and/or semiconductors (e.g. titanium dioxide) (El-Din and Ikehata, 2006).  Visible 
light and solar radiation have also been utilized in combination with titanium dioxide for pesticide 
treatment (Senthilnathan and Philip, 2012).  The Fenton system uses ferrous ions to react with hydrogen 
peroxide to produce hydroxyl radicals (Lu et al., 1999).  Hydroxyl radicals can also be formed using 
hydrogen peroxide and UV light (El-Din and Ikehata, 2006).   
Some advanced oxidation processes transform pesticides into products that may undergo other 
transformations (e.g. protonation, dimerization, isomerization, and tauterization), further oxidation, or 
reactions with other species in solution (El-Din and Ikehata, 2006).  Advanced oxidation may result in the 
formation of by-products from the parent species and other compounds in the solution (El-Din and 
Ikehata, 2006).  It is important to characterize the by-products because they could be more or less toxic 
than the parent compounds (El-Din and Ikehata, 2006). 
Senthilnathan and Philip (2010) investigated degradation of dichlorvos, lindane, and methyl parathion 
using UV-induced photocatalytic degradation with titanium dioxide (TiO2).  Dichlorvos is an 
organophosphate pesticide used for a variety of purposes in the US including for mosquito control and 
in agriculture (USEPA, 2006a).  Dichlorvos, lindane, and methyl parathion are the three most commonly 
used pesticides in India (Senthilnathan and Philip, 2010). 
Senthilnathan and Philip (2010) irradiated a solution containing dichlorvos, lindane, and methyl 
parathion at 1 mg/L each (4.5x10-3 mM, 3.4x10-3 mM, and 3.8x10-3 mM, respectively) using a reactor 
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with 125 W medium pressure mercury lamps that emitted predominately UV radiation at a wavelength 
of 365 nm.  A Pyrex glass tube with immobilized nano-TiO2 prepared using the surfactant route (SR TiO2) 
was inserted into the reactor (Senthilnathan and Philip, 2010).  An advantage of using immobilized TiO2 
on a glass tube rather than in suspension is that TiO2 in suspension is difficult to remove following 
treatment (Senthilnathan and Philip, 2010).  An oxygen flow rate of 300 mL/min and a stirring rate of 
150 rpm were maintained during treatment (Senthilnathan and Philip, 2010).  Samples were collected 
periodically for 220 minutes and analyzed for dichlorvos, lindane, and methyl parathion using a gas 
chromatograph with an electron capture detector (GC/ECD) (Senthilnathan and Philip, 2010).  
Degradation products were monitored using a gas chromatograph-mass spectrometer (GC-MS).  
Senthilnathan and Philip (2010) also monitored the free ion concentration during the degradation study 
to confirm complete mineralization using an ion chromatograph (the initial concentration of dichlorvos 
for this analysis was 7.5 mg/L or 0.034 mM).   
The results of the study showed that dichlorvos was completely degraded after 220 minutes of 
treatment in the UV reactor (Senthilnathan and Philip, 2010).  Methyl parathion and lindane were 
completely degraded after 40 minutes and 70 minutes, respectively.  Senthilnathan and Philip (2010) did 
not report detection limits.  According to Senthilnathan and Philip (2010), dichlorvos was completely 
mineralized following UV-induced photocatalytic degradation with TiO2.  Senthilnathan and Philip (2010) 
only reported the chloride concentration following treatment of the dichlorvos solution with an initial 
concentration of 7.5 mg/L.  The chloride concentration (2.75 mg/L) was in good agreement with the 
stoichiometric concentration of chloride that can be generated (2.81 mg/L) (Senthilnathan and Philip, 
2010).   
Senthilnathan and Philip (2010) investigated degradation pathways for dichlorvos, lindane, and methyl 
parathion but only intermediates for lindane and methyl parathion were reported.  Senthilnathan and 
Philip (2010) did not identify intermediate byproducts during the degradation of dichlorvos.  Three 
intermediates were detected during the degradation of methyl parathion including O,O,O-trimethyl 
phosphoric thiourate, methyl paraoxon, and p-nitrophenol (Senthilnathan and Philip, 2010).  These 
intermediates were completely mineralized to SO4, CO2, PO4, NO3, and H2O following treatment 
(Senthilnathan and Philip, 2010).   
In a separate study, Senthilnathan and Philip (2012) treated dichlorvos, lindane, and methyl parathion 
using N-doped TiO2 and Degussa P-25 TiO2 under UV, visible, and solar radiation using thin film fixed bed 
continuous reactors.  Using solar radiation for pesticide treatment in drinking water is an economical 
alternative for rural populations (Senthilnathan and Philip, 2012).  N-doped TiO2 absorbs near the visible 
region (424 nm) rather than in the range of UV light (10 to 400 nm) (Senthilnathan and Philip, 2012).  
Degussa P-25 TiO2 is commercially available and absorbs primarily at 365 nm (Senthilnathan and Philip, 
2012).  Senthilnathan and Philip (2012) investigated dichlorvos solutions with initial concentrations of 
50, 100, and 250 µg/L (2.3x10-4 mM, 4.5x10-4 mM, and 1.1x10-3 mM, respectively).   
The continuous reactor was 80 cm by 30 cm and had one baffle wall to maintain a uniform water 
thickness in the reactor (Senthilnathan and Philip, 2012).  Four glass plates were coated with 
immobilized Degussa P-25 or N-doped TiO2, and inserted into the reactor (Senthilnathan and Philip, 
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2012).  The reactor effective bed volume was 1,332 cm3 and the catalyst coated area was 2,220 cm2 
(Senthilnathan and Philip, 2012).  A flow rate of 12.5 mL/min was utilized, which corresponds to a 
residence time of 108 minutes (Senthilnathan and Philip, 2012).  The UV lamp emitted primarily at 365 
nm (Senthilnathan and Philip, 2012).   The visible lamps (tungsten halogen) emitted at 340 to 860 nm 
(Senthilnathan and Philip, 2012).  Both lamps were 125 W (Senthilnathan and Philip, 2012).  Degradation 
under solar light was conducted in April 2010 between 10 am and 4 pm (Senthilnathan and Philip, 2012).  
The instantaneous solar radiation ranged from approximately 200 to 1,200 W/m2 during this time 
(Senthilnathan and Philip, 2012).  Degradation using UV and visible light was also conducted between 10 
am and 4 pm (Senthilnathan and Philip, 2012).  Dichlorvos, lindane, and methyl parathion were analyzed 
using GC-ECD (Senthilnathan and Philip, 2012).  Intermediates formed during the degradation studies 
were analyzed using GC-MS (Senthilnathan and Philip, 2012). 
The concentrations of dichlorvos in the reactor effluent following treatment with UV and Degussa P-25 
and N-doped TiO2 are summarized in Table 2-5-3.  Removal efficiency was lower for N-doped TiO2 
because N-doped TiO2 has reduced photocatalytic activity under UV light resulting from defect sites in 
the form of Ti-N bonds (Senthilnathan and Philip, 2012).  As previously mentioned, N-doped TiO2 
absorbs near the visible range (Senthilnathan and Philip, 2012). 
Table 2-5-3: Dichlorvos levels following treatment with UV and Degussa P-25 or N-doped TiO2 
(adapted from Senthilnathan and Philip, 2012) 
Initial Dichlorvos 
concentration 
(µg/L) 
Degussa P-25 TiO2 N-doped TiO2 
Residual Conc. 
(µg/L) 
% Removal 
Residual Conc. 
(µg/L) 
% Removal 
50 ND1 100 5.23 89.54 
100 0.017 99.98 13.88 86.18 
250 0.112 99.95 41.88 87.24 
1. ND: Non-detect (detection limit not provided) 
Results showed that treatment efficiency was low using Degussa P-25 TiO2 under visible light 
(Senthilnathan and Philip, 2012).  Degussa P-25 TiO2 has high photocatalytic activity at 365 nm, which is 
available to a lesser degree from the visible lamps than the UV lamps (Senthilnathan and Philip, 2012).  
Removal efficiencies for the 50, 100, and 250 µg/L dichlorvos solutions under visible light with N-doped 
TiO2 were 99%, 99.84%, and 97.86%, respectively (Senthilnathan and Philip, 2012).  GC-MS analysis of 
the 50 µg/L solution showed dichlorvos and its intermediate (dichlorovinyl-O-methyl phosphate) were 
not detected in the reactor effluent (Senthilnathan and Philip, 2012).  Removal efficiency was high for 
treatment with visible light and N-doped TiO2 because N-doped TiO2 absorbs in the visible range (424 
nm).     
Degradation using N-doped TiO2 under solar radiation showed complete degradation for dichlorvos 
solutions with initial concentrations of 50, 100, and 250 µg/L (Senthilnathan and Philip, 2012).  No 
intermediates were detected from the outlet of the reactor (Senthilnathan and Philip, 2012).  Variations 
in solar energy over the duration of the experiment (10 am to 4 pm) did not affect the percent 
degradation of methyl parathion, and a minimum solar energy of 230 W/m2 was sufficient for complete 
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pesticide degradation (Senthilnathan and Philip, 2012).  Senthilnathan and Philip (2012) did not report 
the minimum solar energy applied to the dichlorvos reactor.  Similar to treatment with visible light, 
degradation of dichlorvos using Degussa P-25 TiO2 (88.44% to 94.66% removal) was not as efficient as N-
doped TiO2 (Senthilnathan and Philip, 2012).  N-doped TiO2 has high activity under solar radiation 
because solar radiation wavelengths start from 320 onwards and N-doped TiO2 effectively harvests 
wavelengths in the range of 320 to 430 nm (Senthilnathan and Philip, 2012).   
Doong and Chang (1998) evaluated the photocatalytic degradation of methamidophos, malathion, 
diazinon, phorate, and EPN, which are organophosphate pesticides.  Malathion is a commonly used 
insecticide in the US.  A 10 mg/L malathion solution (0.03 mM) was treated with H2O2, iron, and/or UV 
light (Doong and Chang, 1998).  Batch experiments were conducted at 25°C and pH 7 (Doong and Chang, 
1998).  A 100 W medium pressure mercury lamp, which emitted in the wavelength of 253 to 578 nm, 
was utilized for treatment with UV light (Doong and Chang, 1998).  For solutions treated with iron, 
either 1 mg/L of Fe0 or 50 µM of FeSO4 ( Fe
2+) were added followed by sonication for 10 minutes (Doong 
and Chang, 1998).  H2O2 was added at a concentration of 10 mg/L (Doong and Chang, 1998).  Solutions 
were analyzed using high performance liquid chromatography (HPLC) (Doong and Chang, 1998).  Doong 
and Chang (1998) did not characterize the byproducts of oxidation.    
Table 2-5-4 summarizes the percent removal of malathion degraded by H2O2 and/or iron after 6 and 24 
hours without treatment with UV light.  The maximum malathion removal efficiency without the use of 
UV light was only 20.4%, which was obtained using H2O2 combined with iron (Doong and Chang, 1998).  
However, removal efficiency increased when treatment with UV light was utilized (Doong and Chang, 
1998).  Approximately 88% of malathion was removed following 4 hours of UV treatment (Doong and 
Chang, 1998).  The first order rate coefficient for UV treatment alone was 0.0039 min-1 (Doong and 
Chang, 1998).  Malathion degraded more quickly when hydrogen peroxide was added to the solution 
with complete removal achieved after approximately 3 hours (Doong and Chang, 1998).  The first order 
rate coefficient for UV treatment and hydrogen peroxide was 0.0076 min-1 (Doong and Chang, 1998).    
Adding iron (Fe0 and Fe2+) resulted in even faster malathion degradation with an observed first-order 
rate coefficient of 0.012 min-1 (Doong and Chang, 1998).   
Table 2-5-4: Removal of malathion following treatment with H2O2 and/or iron without UV light 
(adapted from Doong and Chang, 1998). 
Treatment  
Type 
Percent Removal 
6 hours 24 hours 
None 1.4 8.0 
Fe 2.3 10.5 
H2O2 11.3 19.3 
Fe/ H2O2 10.8 20.4 
Advanced oxidation is an effective treatment alternative for the organophosphate pesticides dichlorvos 
and malathion (Doong and Chang, 1998; Senthilnathan and Philip, 2010; Senthilnathan and Philip, 2012).  
Treatment of water containing dichlorvos using UV/TiO2 results in the complete or near complete 
transformation of dichlorvos with initial concentrations ranging from 50 µg/L to 7.5 mg/L (Senthilnathan 
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and Philip, 2010; Senthilnathan and Philip, 2012).  Treatment of dichlorvos using N-doped TiO2 
combined with visible or solar radiation is also effective for solutions with concentrations ranging from 
50 to 250 µg/L (greater than 97% transformation achieved) (Senthilnathan and Philip, 2012).  Treatment 
of water containing malathion using UV/H2O2 is an effective treatment method (Doong and Chang, 
1998).  Doong and Chang (1998) observed complete transformation of a 10 mg/L malathion solution 
using UV/H2O2 (Doong and Chang, 1998).  Malathion degrades more quickly when iron (Fe
0 or Fe2+) is 
combined with UV/H2O2 (Doong and Chang, 1998).   
2.5.3 Adsorption Processes 
Adsorption is the accumulation of substances in solution on a solid surface.  Granular activated carbon 
(GAC) and powdered activated carbon (PAC) are adsorption processes that can be used for the removal 
of pesticides (Crittenden et al., 2012).  One advantage of PAC is that is can be used on an as needed 
basis (Crittenden et al., 2012).  For example, PAC can be employed during periods of high pesticide 
applications for agriculture or in response to public health alerts and outbreaks of viruses spread by 
mosquitos.  PAC can be used in conventional treatment plants with minimal capital costs (Crittenden et 
al., 2012).   
Pesticides are held onto the surface of activated carbon by physical forces including hydrophobic 
interactions and Van der Waals forces (Jusoh et al., 2011).  The adsorption performance of pesticides 
onto activated carbon depends on the type of activated carbon, size, surface area, and pore size (Jusoh 
et al., 2011).  Adsorption performance also depends on the pesticide itself and the solution properties 
(Jusoh et al., 2011).  There are many types of carbonaceous materials that be used for the preparation 
of activated carbon including coconut shells, wood and dust coal, nut shells, and rice husks. (Jusoh et al., 
2011). 
Ormad et al. (2008) studied the effectiveness of activated carbon adsorption to remove 44 pesticides 
detected in the Ebro River Basin including the organophosphate pesticide chlorpyrifos.  Ormad et al. 
(2008) examined activated carbon adsorption experimentally.  Adsorption onto activated carbon was 
evaluated individually and in combination with preozonation, prechlorination, and coagulation with 
aluminum sulfate (20 mg/L) (Ormad et al., 2008).  The PAC dose was 10 mg/L and the samples were 
gently shaken for 5 minutes prior to filtration (Ormad et al., 2008).  Preoxidation by chlorine was 
conducted using sodium hypochlorite (NaClO) dosed at 18 mg/L as Cl2, which is a higher chlorine dose 
than typically used in drinking water treatment (Ormad et al., 2008).  Preoxidation by ozone was 
conducted using a corona discharge generator dosed at 4.3 mg/L O3 (Ormad et al., 2008).  For combined 
treatment methods, preoxidation was conducted first, and then followed by adsorption and coagulation 
(Ormad et al., 2008).  The initial chlorpyrifos concentration was 520 ng/L (1.48x10-6 mM) (Ormad et al., 
2008).   
Treatment using activated carbon removed 90% of chlorpyrifos, which indicates that adsorption onto 
PAC is an effective treatment method (Ormad et al., 2008).  Treatment using activated carbon combined 
with prechlorination and aluminum sulfate removed 100% of the chlorpyrifos (Ormad et al., 2008).  The 
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analytical detection limit for chlorpyrifos was 0.015 µg/L (Ormad et al., 2008).  Treatment using 
activated carbon combined with preozonation removed 95% of the chlorpyrifos (Ormad et al., 2008). 
Jusoh et al. (2011) investigated the adsorption of malathion on two types of granular activated carbon.  
Malathion is commonly used in the US to control adult mosquitos.  Adsorption and kinetic studies were 
conducted using activated carbon made from coconut shells and palm shells (CS and PS, respectively) 
(Jusoh et al., 2011).  The CS and PS activated carbon was crushed and sieved into 1.0 and 0.063 mm 
sized particles (Jusoh et al., 2011).  Adsorption of malathion was monitored spectrophotometrically 
(Jusoh et al., 2011).  For the adsorption studies, CS and PS were added at varying amounts to 20 mL 
solutions containing 7 µg/L of malathion (2.1x10-5 mM) (Jusoh et al., 2011).  The solutions were agitated 
at 200 rpm and samples were collected every 30 minutes for a total of 300 minutes (Jusoh et al., 2011).   
Jusoh et al. (2011) applied the Langmuir and Freundlich isotherm models to describe the characteristics 
of the adsorption behavior.  The linear Langmuir and Freundlich isotherm equations are given as 
Equations 2-5-1 and 2-5-2, respectively (Jusoh et al., 2011).  The Langmuir constants a and b are related 
to adsorption capacity and affinity of the binding sites, respectively (Jusoh et al., 2011).  The Freundlich 
parameters K and 1/n are related to the adsorption capacity and energy of adsorption, respectively 
(Jusoh et al., 2011).  The Langmuir and Freundlich isotherm parameters are given in Table 2-5-5.  Based 
on the R2 values, the Langmuir model is a better fit of the data (Jusoh et al., 2011).  The adsorption study 
showed that the adsorption capacity of CS is higher than that of PS (Jusoh et al., 2011). 
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Ce = equilibrium concentration (mg/L)  
qe = adsorption density (mg/g)  
a,b = constants  
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log   Equation 2-5-2 
K,1/n = constants  
Table 2-5-5: Langmuir and Freundlich isotherm parameters for CS and PS (1.0 and 0.063 mm) (adapted 
from Jusoh et al., 2011) 
GAC Particle 
Size (mm) 
GAC 
Type 
Langmuir Isotherm Freundlich Isotherm 
a 
(mg/g) 
b 
(1/mg) 
R2 
K 
(mg/g)(L/mg)1/n 
1/n R2 
1.0 
CS 666.1 0.051 0.98 1.5 0.89 0.96 
PS 181.8 0.080 0.89 0.9284 0.9 0.78 
0.063 
CS 909.1 0.056 0.98 1.63 1.62 0.99 
PS 555.6 0.044 0.96 1.47 0.78 0.84 
The results of the kinetic study showed that treatment using CS activated carbon reduced the malathion 
concentration to 1.75 and 1.8 µg/L for particle sizes of 0.063 mm and 1.0 mm, respectively, in 5 hours 
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(Jusoh et al., 2011).  For PS activated carbon, malathion was reduced to 2.0 and 2.09 µg/L for particle 
sizes of 0.063 and 1.0 mm, respectively, in 5 hours (Jusoh et al., 2011).  The initial malathion 
concentration was 7 µg/L for both experiments (Jusoh et al., 2011).  The study also showed that the 
smaller particle size resulted in faster malathion removal but the final malathion concentrations were 
similar (Jusoh et al., 2011). 
Ohno et al. (2008) investigated the effect of chlorination on organophosphate pesticides adsorbed onto 
PAC.  One of the organophosphate compounds investigated, malathion, is a pesticide commonly used to 
control adult mosquitos.  Ohno et al. (2008) added 10 mg/L of PAC to a 1 L pesticide solution with an 
initial malathion concentration of 216 µg/L (6.5x10-4 mM), and then added NaClO dosed at 2 to 5 mg/L 
(0.028 to 0.071 mM) after 1 hour.  Samples were collected before and after the absorption process and 
every 30 minutes for 2 hours after the chlorine addition (Ohno et al., 2008).  Ohno et al. (2008) found 
that after 1 hour of adsorption, the concentration of malathion decreased to below the detection limit 
of 0.03 µg/L.  Malathion was not detected 30 minutes following the chlorine addition but its 
corresponding oxon (malaoxon) was detected (Ohno et al., 2008).  These results are consistent with 
chlorination studies conducted on other organophosphate pesticides with sulfur double bonds to the 
central phosphorous atom.  Chlorination of malathion, chlorpyrifos, and temephos results in 
transformation to degradation products that may be more toxic than the parent compounds.   
The concentration of malaoxon in solution decreased with increased time after the addition of chlorine 
(Ohno et al., 2008).  Following further analyses, Ohno et al. (2008) found that upon chlorination, 
malathion is oxidized on the PAC and then released from its adsorption site.  Ohno et al. (2008) also 
found that malaoxon is readsorbed onto the PAC over time rather than undergoing further degradation.  
In general, the adsorption capacity of PAC is reduced when chlorine is added.      
Removal of the organophosphate pesticides chlorpyrifos and malathion using activated carbon is an 
effective treatment option with removal efficiencies ranging from 70% to over 99% (Ohno et al., 2008; 
Ormad et al., 2008; Jusoh et al., 2011).  The removal efficiency of PAC used to treat chlorpyrifos at an 
initial concentration of 520 ng/L is 90% (Ormad et al., 2008).  Treatment of malathion using GAC made 
from coconut and palm shells results in a 70% to 75% reduction in the malathion concentration for 
solutions with an initial concentration of 7 µg/L (Jusoh et al., 2011).  Treatment of malathion using PAC 
is a very efficient treatment method (Ohno et al., 2008).  Ohno et al. (2008) found that malathion 
decreased from 216 µg/L to below the detection limit of 0.03 µg/L within 1 hour.   
2.5.4 Nanofiltration and Reverse Osmosis 
Since the majority of pesticides have molecular weights greater than 200 Daltons and a size in the range 
of nanometers, reverse osmosis and nanofiltration are appropriate pressure-driven membrane 
processes for removal of pesticides from drinking water (Plakas et al., 2012).  Recent advances in 
nanofiltration including the increased rejection of uncharged, dissolved organic species and the 
achievement of high specific water fluxes at low operating pressures have made them a viable option for 
pesticide treatment (Plakas et al., 2012).  There are several factors to consider when selecting a 
membrane including the molecular weight of the contaminant, the membrane porosity, surface charge, 
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material, and the degree of contaminant rejection (Plakas et al., 2012).  Feed water composition and 
membrane fouling are also important considerations when evaluating membrane filtration for removal 
of pesticides from drinking water (Plakas et al., 2012). 
Kiso et al. (2000) investigated the removal of 11 pesticides using nanofiltration.  Three of the pesticides 
evaluated (dichlorvos, malathion, and chlorpyrifos) are organophosphate pesticides used to control 
mosquitos in the US.  Low desalinating membranes, summarized in Table 2-5-6, were used to treat 
solutions with initial pesticide concentrations of 0.5 to 1.5 mg/L (1.4 to 6.8 µM) (Kiso et al., 2000).  
Pesticide solutions of 300 mL were fed into each membrane and permeate samples were collected until 
samples with stable pesticide concentration were obtained (Kiso et al., 2000).  Pesticide concentrations 
following membrane filtration were analyzed using high performance liquid chromatography (HPLC) 
with a sub-µg/L detection level (Kiso et al., 2000).  
Table 2-5-6: Membrane properties (adapted from Kiso et al., 2000) 
Membrane 
No. 
NaCl 
Rejection (%) 
Membrane Material 
Applied Pressure 
(MPa) 
Average JW 
(m per day) 
Memb-1 92 Poly(vinyl alcohol)/polyamide 1.0 0.988 
Memb-2 60 Poly(vinyl alcohol)/polyamide 1.0 1.689 
Memb-3 51 Sulfonated polyethersulfone 1.0 2.435 
Memb-4 15 Sulfonated polyethersulfone 0.5 6.205 
 
Pesticide rejection for dichlorvos, malathion, and chlorpyrifos are summarized in Table 2-5-7.  These 
pesticides were rejected effectively using Memb-1 (Kiso et al., 2000).  Dichlorvos showed the lowest 
rejection by each membrane (Kiso et al., 2000).  Pesticide rejection increased with increasing 
octanol/water partition coefficient (KOW).  KOW is a measure of the solute hydrophobicity/hydrophilicity 
(Plakas et al., 2012).   
Table 2-5-7: Pesticide rejection for dichlorvos, malathion, and chlorpyrifos (adapted from Kiso et al., 
2000) 
Pesticide log KOW* Memb-1 (%) Memb-2 (%) Memb-3 (%) Memb-4 (%) 
Dichlorvos 1.9 86.7 46.2 13.0 4.28 
Malathion 2.75 99.64 88.1 42.0 41.4 
Chlorpyrifos 4.7 >99.95 >99.95 99.32 99.51 
*log KOW values obtained from Norman et al., 2012 
In general, pesticide rejection decreased with decreasing membrane salinity rejection (Kiso et al., 2000).  
Rejection by Memb-3 and Memb-4 were significantly lower for dichlorvos and malathion than by Memb-
1 and Memb-2 (Kiso et al., 2000).  These results show that membrane material is an important 
consideration for removal of pesticides from drinking water (Kiso et al., 2000). 
Kosutic et al. (2005) investigated the removal of pesticides by nanofiltration and reverse osmosis.  Two 
thin-film polyamide nanofiltration membranes, NF270 and NFc, and a thin-film polyamide reverse 
osmosis membrane, CPA2, were used to conduct the pesticide removal studies (Kosutic et al., 2005).  
The removal of dichlorvos at initial concentrations from 2 to 4 mg/L (9.0 to 18 µM) was investigated 
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(Kosutic et al., 2005).  Dichlorvos is an organophosphate pesticides used to control mosquitos in the US.  
The concentration of dichlorvos was measured using gas chromatography (GC) (Kosutic et al., 2005).  
Kosutic et al. (2005) also investigated removal of atrazine, triadimefon, and diazinon.  These pesticides 
were analyzed using a spectrophotometer (Kosutic et al., 2005).  The experiments were carried out 
under pressures ranging from 689 kPa to 1013 kPa (Kosutic et al., 2005).   
Pesticide rejection values (fraction of pesticide removed) are summarized in Table 2-5-8.    The 
molecular size, log octanol/water partition coefficient (P), and dipole moment (µ) for each pesticide 
investigated are also summarized in Table 2-5-8.  Removal of dichlorvos was most efficient using the 
polyamide reverse osmosis membrane (94.7% removal) (Kosutic et al., 2005).  Removal of dichlorvos 
was not very effective using the nanofiltration membranes (40.7% – 56.4% removal) (Kosutic et al., 
2005).  The rejection of the pesticides investigated approximately followed the order of their molecular 
size with the exception of triadimefon (Kosutic et al., 2005).  Based on pore size distribution analysis of 
the membranes conducted by Kosutic et al. (2005), the pesticide molecules were all smaller than the 
membrane pore size.  
Table 2-5-8: Pesticide rejection values (R) (adapted from Kosutic et al., 2005) 
 
Pesticide 
Molecular 
size (nm) 
log P μ  
(Debye) 
R 
*NF270 
R 
*NFc 
R 
*CPA2 
Dichlorvos 0.504 1.43 1.544 0.407 0.564 0.947 
Atrazine 0.674 2.61 1.598 0.814 0.852 0.959 
Triadimefon 0.743 2.77 2.843 0.998 0.634 0.783 
Diazinon 0.834 3.81 0.546 0.931 0.939 -- 
*NF270 and NFc  are thin-film polyamide nanofiltration membranes; CPA2 is a thin-film polyamide 
reverse osmosis membrane 
 
Kiso et al. (2000) and Kosutic et al. (2005) found similar rejection efficiencies for dichlorvos using a 
polyamide membrane (86.7% using Memb-1 and 94.7% using CPA2, respectively).  Kiso et al. (2000) and 
Kosutic et al. (2005) also both found that in general pesticide rejection increased with increasing 
octanol/water partition coefficient.  Based on the findings of Kiso et al. (2000) and Kosutic et al. (2005), 
removal of the organophosphate pesticides dichlorvos, malathion, and chlorpyrifos using nanofiltration 
and reverse osmosis can be effective with select membrane materials and operating pressures. 
2.5.5 Summary of Drinking Water Treatment Methods 
Treatment methods to remove or transform pesticides in drinking water include conventional 
treatment, advanced oxidation, adsorption, nanofiltration, and reverse osmosis (Lu et al., 1999; Ormad 
et al., 2008; Crittenden et al., 2012; Plakas et al., 2012).  Most studies on drinking water treatment that 
include pesticides currently used to control mosquitos in the US focus on organophosphates.  There are 
very few studies that have investigated methods to treat pyrethroids, which is the other major class of 
pesticides currently used to control mosquitos. 
Treatment using coagulation/flocculation of the organophosphate pesticide chlorpyrifos is inefficient for 
removal.  Treatment of chlorpyrifos using aluminum sulfate resulted in only a 40% reduction in the 
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concentration of chlorpyrifos (Ormad et al., 2008).  Treatment using free chlorine effectively degrades 
organophosphate pesticides commonly used for mosquito control (Duirk and Collette, 2006; Ormad et 
al., 2008; Kamel et al., 2009).  However, the degradation products can be more toxic than the parent 
pesticides (Kamel et al., 2009).  Organophosphates that have sulfur double bonds to the central 
phosphorous atom generally form oxons during disinfection by chlorine, which are between 10 and 100-
times more toxic (Duirk and Collette, 2006; Ormad et al., 2008; Kamel et al., 2009). 
Advanced oxidation is an effective treatment alternative for the organophosphate pesticides dichlorvos 
and malathion (Doong and Chang, 1998; Senthilnathan and Philip, 2010; Senthilnathan and Philip, 2012).  
Treatment of water containing dichlorvos using UV/TiO2, visible light/N-doped TiO2, and solar 
radiation/N-doped TiO2 resulted in transformation efficiencies ranging from 97% to near complete 
transformation (Senthilnathan and Philip, 2010; Senthilnathan and Philip, 2012).  Treatment of 
malathion using UV/H2O2 and UV/H2O2 combined with iron (Fe
0 or Fe2+) resulted in complete removal of 
the pesticide (Doong and Chang, 1998).  
Removal of the organophosphate pesticides chlorpyrifos and malathion using activated carbon is an 
effective treatment option with removal efficiencies ranging from 70% to over 99% (Ohno et al., 2008; 
Ormad et al., 2008; Jusoh et al., 2011).  A removal efficiency of 90% was achieved for treatment of 
chlorpyrifos using PAC (Ormad et al., 2008).  Treatment of malathion using PAC or GAC made from 
coconut and palm shells results in 70% to near complete removal of the pesticide (Ohno et al., 2008; 
Jusoh et al., 2011). 
Removal of the organophosphate pesticides dichlorvos, malathion, and chlorpyrifos using nanofiltration 
and reverse osmosis can be effective with select membrane materials and operating pressures.  
Removal efficiencies for these pesticides using a polyamide nanofiltration membrane resulted in 86.7% 
to near complete removal of each pesticide (Kiso et al., 2000). 
2.6 Selection of Permethrin for Further Study 
Permethrin was selected for further study based on its widespread use in the US, its inclusion on the 
CCL3, its health hazards, and the lack of previous research on the removal of permethrin from drinking 
water.  Permethrin is commonly used for mosquito control as well as in agriculture.  According to the 
Reregistration Eligibility Decision document for permethrin, an acceptable use of permethrin is for 
mosquito control to protect public health (USEPA, 2009b).  The use of pyrethroids, including permethrin, 
has been increasing as the use of more toxic pesticides like organophosphates have decreased (Wu, 
2010).  Approximately 2 million pounds of permethrin are applied per year (USEPA, 2009b).  
Approximately 4% of permethrin applied is for mosquito abatement (USEPA, 2009b).  Permethrin can 
migrate to surface water bodies in runoff during storm events (Bacey, 2005). 
The CCL3 is a list of contaminants that are not currently subject to any national primary drinking water 
regulations, that are known or anticipated to occur in public water systems, and which may require 
regulation under the SDWA (USEPA, 2009a).  Permethrin was selected along with 115 other compounds 
for inclusion in the CCL3 out of 6,003 potential drinking water contaminants (USEPA, 2009d).  None of 
the other pesticides commonly used for mosquito control in the US made the CCL3.  Malathion and 
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naled, which are organophosphate pesticides commonly used for mosquito control, made the 
preliminary CCL3 but did not score high enough based on health and occurrence data to make the final 
CCL3.  The inclusion of permethrin in the final CCL3 indicates that there is the potential for permethrin 
to be a contaminant of concern is drinking water.   
Permethrin was included in the CCL3 based on its widespread use in the US and its health hazards.  
Permethrin is likely to be carcinogenic to humans by the oral route when humans are exposed to it at 
elevated concentrations (USEPA, 2009b; USEPA, 2009f).  The reference dose (RfD) for permethrin (0.25 
mg/kg-d) is comparatively higher than the RfDs for malathion and naled (0.07 and 0.002 mg/kg-d, 
respectively) but permethrin was given more importance during the CCL3 selection process since it is a 
possible human carcinogen (USEPA, 2009e). 
There have been many studies conducted on the removal of organophosphate pesticides from drinking 
water.  Commonly studied organophosphate pesticides include malathion, chlorpyrifos, and dichlorvos.  
Treatment methods investigated previously to remove or transform these pesticides from drinking 
water include conventional treatment, advanced oxidation, activated carbon, and nanofiltration/reverse 
osmosis.  There are very few studies that have investigated methods to treat pyrethroids in drinking 
water.  This data gap together with the widespread use of permethrin, its inclusion on the CCL3, and its 
health hazards demonstrate the need to conduct research on the removal of permethrin from drinking 
water.   
Potential methods to treat permethrin in drinking water include advanced oxidation, nanofiltration, 
reverse osmosis, and adsorption processes using granular activated carbon (GAC) or powdered activated 
carbon (PAC).  One advantage of PAC is that is can be used on an as needed basis (Crittenden et al., 
2012).  For example, PAC can be employed during periods of high pesticide applications in response to 
public health alerts or for agricultural purposes.  PAC can be incorporated into existing conventional 
treatment plants with minimal capital costs (Crittenden et al., 2012).  PAC can be added at rapid mix, 
flocculation, pre-sedimentation, sedimentation, filter influent, and at multiple points in the treatment 
process.  The dose can be adjusted with changing raw water quality.  Treatment of permethrin in 
drinking water using PAC was selected for further study. 
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3 Materials and Methods 
The goal of the experimental portion of this study was to investigate the removal of permethrin from 
water using powdered activated carbon (PAC).  Procedures for performing batch adsorption 
experiments, extracting permethrin from sample water, and analyzing permethrin at low concentrations 
using gas chromatography were developed.  Batch adsorption experiments were performed to 
determine equilibrium isotherm parameters. 
3.1 Materials 
Solid permethrin of 98.3% purity was purchased from Sigma-Aldrich (St. Louis, MO).  The permethrin 
was a mixture of cis and trans isomers (26.7% and 71.6%, respectively).  Two types of PAC (WPH 650 and 
WPH 1000) were evaluated.  The PAC was obtained from Calgon Carbon Corporation (Pittsburgh, PA).  
Methylene chloride, hexanes, and methanol were purchased from Fisher Scientific (Pittsburgh, PA) and 
were ACS reagent grade. 
Glassware was washed using detergent, rinsed with tap water three times, rinsed with Nanopure water 
three times, and then rinsed with solvent (methylene chloride or methanol).  Nanopure water was 
treated using a Barnstead Nanopure water system consisting of reverse osmosis membranes and an 
ultrapure water system (Barnstead RO/Nanopure system; Thermo Scientific, Marietta, OH).  
3.2  Experimental Conditions 
A batch adsorption test procedure was developed before equilibrium adsorption experiments using PAC 
were conducted.  This section presents the development of the batch adsorption test procedure.   
3.2.1 Permethrin Solution 
The solubility of permethrin in water is 6 µg/L (Norman et al., 2012).  Solid permethrin could not simply 
be added to water below its solubility because the minimum limit of the laboratory scale (Mettler 
Toledo) was 100 µg and the maximum volume of solution that could reasonably be prepared was 6 L.  
Therefore, a procedure was developed to prepare permethrin solutions using the pure solid, which is 
discussed in Section 3.2.1.1.  An alternative approach using a permethrin in methanol stock solution was 
evaluated, which is discussed in Section 3.2.1.2. 
3.2.1.1 Permethrin Solution Prepared from Pure Solid 
The procedure to prepare a permethrin solution using the pure solid consisted of the following steps.  
Excess permethrin (3.6 mg) was added to 6 L of Nanopure water and stirred for 24 ± 2 hours with a 
magnetic stir bar to equilibrate.  This solution was then filtered using a Whatman GF/F 0.7 µm filter to 
remove permethrin that had not dissolved.  A 0.7 µm pore size was chosen to differentiate the dissolved 
organic carbon.  The filtered solution was analyzed for cis-, trans-, and total permethrin.  The permethrin 
solutions were used within 12 hours for experiments to minimize degradation of permethrin.  The 
permethrin concentration varied slightly from batch to batch (2.0 to 4.6 µg/L) depending on laboratory 
conditions.  Permethrin solutions used for experiments were prepared using this procedure unless 
otherwise noted. 
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3.2.1.2 Evaluation of Permethrin Solutions Prepared from Pure Solid versus Methanol Stock 
The effect of using methanol stock to prepare dilute permethrin solutions in purified water as compared 
to using permethrin solutions prepared from the pure solid was evaluated by conducting side-by-side 
treatment experiments.  Permethrin solutions from pure solid were prepared using the procedure 
presented in Section 3.2.1.1.  A 100 mg/L permethrin in methanol stock solution was prepared by adding 
10 mg of solid permethrin to 100 mL of methanol.  A 5.5 µg/L permethrin working solution was then 
prepared by adding 110 µL of the 100 mg/L permethrin in methanol stock solution to 2 L of purified 
water.  The working solution was analyzed for initial permethrin concentration. 
The following side-by-side treatment experiments were performed: 
 PAC WPH 1000 addition (1 mg/L and 5 mg/L) with mixing 
 No PAC addition with mixing 
The treatment tests were performed in 2 L beakers.  Mixing consisted of stirring the solutions using a 
metal paddle at 180 rpm for 1 minute and then 30 rpm for 20 minutes followed by no stirring for 30 
minutes.  This mixing procedure was used to simulate the coagulation/flocculation/settling procedure 
used in drinking water treatment plants.  The mixing procedure was later simplified and lengthened for 
the batch equilibrium adsorption experiments as discussed in Section 3.3.  Following treatment, the 
solutions were filtered using a Whatman GF/F 0.7 µm filter to separate the PAC.  The final permethrin 
concentrations were measured.  The results showed that methanol may have interfered with the 
treatment tests, as discussed in Section 4.  Therefore, permethrin solutions were prepared from the 
pure solid using the procedure presented in Section 3.2.1.1 for the batch adsorption experiments.  A 
methanol stock solution was not used to avoid interference of methanol with the adsorption of 
permethrin on PAC and to avoid solvent-solvent interactions during the extraction of permethrin using 
methylene chloride.   
3.2.2 Evaluation of Glassware used for Batch Adsorption Experiments 
The batch adsorption experiments were performed using sealed Pyrex bottles with limited headspace 
(“bottle tests”) instead of 2   P re  bea ers (“jar tests”) to minimize volatilization of permethrin.  The 
amount of permethrin lost due to volatilization during adsorption experiments performed using 2 L 
beakers was evaluated.  Bottle and jar tests were conducted using permethrin solutions without PAC 
addition.  Permethrin solutions were added to a 1.15 L Pyrex bottle and a 2 L Pyrex beaker.  The Pyrex 
bottle was filled completely and sealed with a screw cap and Parafilm®.  The 2 L beaker was covered 
with aluminum foil but was not airtight.  The bottle and beaker were wrapped in aluminum foil to 
minimize photodegradation.  The Pyrex bottle was stirred using a magnetic stir bar.  The 2 L beaker was 
stirred using a metal paddle.  The solutions were stirred at 180 rpm for 1 minute and then 30 rpm for 20 
minutes followed by no stirring for 30 minutes (see Section 3.2.1.2 for an explanation of the mixing 
procedure).  The samples were then filtered using a Whatman GF/F 0.7 µm filter and analyzed for 
permethrin concentration.  As discussed in Section 4, the results indicated that more permethrin was 
lost during the experiment performed in the unsealed beaker than during the experiment performed in 
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the sealed bottle.  The batch adsorption experiments were therefore performed using 1.15 L bottles 
sealed with screw caps with limited headspace to minimize volatilization of permethrin.  
3.2.3 Evaluation of Filtration Procedure 
The filtration procedure was evaluated to confirm that it did not add permethrin to the samples or 
remove permethrin from the samples.  A sample with a known permethrin concentration (2 µg/L 
standard prepared using a 100 mg/L permethrin in methanol stock solution) and purified water were 
evaluated.  A Whatman GF/F 0.7 µm filter was pre-rinsed with 1 L of purified water, 0.25 L of permethrin 
solution prepared from pure solid, and 0.25 L of the 2 µg/L standard.  The liquid used to pre-rinse the 
filter was discarded.  The 2 µg/L standard (1 L) was then filtered using the same filter and collected for 
analysis of permethrin.  A new filter was used to filter the purified water to avoid cross-contamination.  
A Whatman GF/F 0.7 µm filter was pre-rinsed with 1 L of purified water, 0.25 L of permethrin solution 
prepared from pure solid, and then another 0.25 L of purified water to match the procedure used for 
the 2 µg/L standard.  The liquid used to pre-rinse the filter was discarded.  The purified water (1 L) was 
then filtered and collected for analysis of permethrin.  As discussed in Section 4, the results showed that 
the filtration procedure did not add permethrin to the water samples.  Therefore, samples from the 
batch adsorption experiments were filtered using pre-rinsed Whatman GF/F 0.7 µm filters.  
3.3 PAC Equilibrium Adsorption Experiments 
Batch adsorption experiments were performed at room temperature (22 ± 2°C).  Sodium bicarbonate (1 
mM) was used as a buffer.  The equilibrium isotherm experiments were performed using 1.15 L Pyrex 
bottles with screw caps.  The permethrin solution prepared from pure solid was added to the Pyrex 
bottle.  Head space was minimized to reduce volatilization of permethrin.  PAC was added to the bottles 
at concentrations ranging from 0.0 to 10 mg  .   or higher concentrations (PA  ≥0.  mg  ), the PA  was 
weighed using a Mettler Toledo scale and added directly to the Pyrex bottles to achieve the desired 
concentration.   or low concentrations (PA  ≤0.1 mg  ), PA  was added to the P re  bottles using a 
slurry.  A PAC slurry was used because the minimum limit of the laboratory scale (Mettler Toledo) was 
100 µg but PAC doses less than 100 µg were added to the Pyrex bottles for the experiments at low PAC 
concentrations.  The slurry was made by adding 5.75 mg of PAC to 50 mL of permethrin solution 
prepared from the pure solid to achieve a 115 mg/L PAC slurry.  The slurry was made using permethrin 
solutions prepared from the pure solid so that the addition of slurry did not dilute the bottle test 
sample.  Different volumes (0.5 mL to 1.0 mL) of slurry were added to the Pyrex bottles to achieve the 
desired PAC concentration.  The bottles containing the permethrin solution and PAC were mixed using a 
magnetic stir bar at 350 ± 50 rpm and allowed to equilibrate for 24-hours.  The bottles were wrapped in 
aluminum foil to minimize photodegradation.   
After 24 hours, the solutions were filtered using a Whatman GF/F 0.7 µm filter to separate the PAC.  The 
filters were pre-rinsed using 1 L of purified water, 0.25 L of untreated permethrin solution, and 0.25 L of 
treated sample, all of which were discarded.  Filters were pre-rinsed to minimize the addition of 
contaminants from the filter into the sample and to minimize loss of permethrin on the filter.  Then, 0.9 
L of treated sample was filtered and collected for analysis.  The pH of the samples were measured 
following filtration.  The samples were analyzed for concentration of cis-, trans-, and total permethrin.  
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Extractions were performed immediately following the experiments and analysis using gas 
chromatography (see Section 3.4) was conducted within 36-hours of extraction.    
The equilibrium adsorption experiments were conducted in duplicate (i.e. two experiments were 
conducted with the same PAC type and dose).  The initial permethrin concentration varied slightly 
depending on laboratory conditions (2.0 to 4.6 µg/L).  A total of 28 batch equilibrium adsorption 
experiments were conducted.  
3.4 Permethrin Detection 
Extraction of permethrin from sample water was performed using liquid/liquid extraction.  Gas 
chromatography with electron capture detection was used to analyze the concentration of permethrin 
in the sample.    
The following procedure was used to extract permethrin from sample water, which was adopted from 
USEPA Method 508 (USEPA, 1995).  
1. The water sample (0.8 L) was added to a 1 L glass separatory funnel using a glass graduated 
cylinder.  A portion of the water sample (0.1 L) was reserved to measure pH. 
2. Methylene chloride (45 mL) was added to the sample container and agitated to rinse the 
container.  The methylene chloride was then poured into the graduated cylinder to rinse the 
cylinder.  The sample container and graduated cylinder were rinsed with the methylene chloride 
to collect any remaining permethrin residue.  Permethrin partitions into methylene chloride.  
The methylene chloride was then transferred into the separatory funnel.  
3. The separatory funnel was agitated by shaking for three minutes with periodic venting to 
release excess pressure.  
4. The methylene chloride was allowed to separate from the water for a minimum of 10 minutes. 
5. The methylene chloride was drained from the separatory funnel into a glass evaporator tube. 
6. The process (steps 2 through 5) was repeated.  The methylene chloride solutions were 
combined in the evaporator tube. 
7. The methylene chloride sample was evaporated to dryness under a stream of nitrogen in a 
Rapidvap evaporator from Labconco Corp (Kansas City, MO).  The temperature and vortex speed 
were set at 40°C and 50%, respectively. 
8. The sample was reconstituted in 1 mL of hexanes.  The 1 mL sample in hexanes was transferred 
into a GC vial using a glass pasteur pipet and 10 µL of a 500 mg/L 1,1,2-trichloroethane (1,1,2-
TCA) stock solution prepared in hexanes was added as an internal standard (IS).  The 
concentration of 1,1,2-TCA in the GC vial was 5 mg/L.  The GC vial was shaken to ensure 
thorough mixing.   
9. An AutoSampler (Agilent Technologies; Santa Clara, CA) was used to inject 1 µL of sample into a 
6890 Series Gas Chromatograph (GC) from Agilent Technologies.   
ChemStation software (Agilent Technologies) was used to program methods and sequences for sample 
analysis using the GC.  The column was an Rtx-5SIL MS (30 meter length, 0.32 mm inner diameter, 0.5 
micrometer film thickness) column by Restek Corporation (Bellefont, PA).  The GC method was adapted 
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from Wang et al. (2009).  Nitrogen was used as the carrier gas at a flow rate of 1.8 mL/min.  The injector 
temperature was 250°C (split-less mode).  The oven was set at 100°C, heated to 250°C at 10°C/min, then 
to 280°C at 3°C/min, and then held at 280°C for 5 min.  Electron capture detection (ECD) was used.  The 
ECD temperature was set at 320°C.  GC settings within the ChemStation software are provided in 
Appendix A.  Several hexane blanks were run through the GC prior to sample analysis to clear 
compounds out of the column and to stabilize the baseline.     
An example chromatogram is provided as Figure 3-4-1.  The retention times for cis- and trans-
permethrin are 26.3 and 26.6 minutes, respectively.  The retention time for 1,1,2-TCA is 2.3 minutes. 
 
 
Figure 3-4-1: Example chromatogram 
3.5 Method Calibration Curves 
Method calibration curves for total permethrin, cis-permethrin, and trans-permethrin were developed 
from samples of known concentration prepared using a 100 mg/L permethrin in methanol stock solution 
that was diluted in purified water to the desired concentration.  Samples with permethrin 
concentrations of 0.5, 1.0, 1.5, 2.5, 4.0, and 5.5 µg/L were analyzed for the calibration curve.  The 
concentration of the cis and trans isomers was determined from the percent of each in the pure solid 
(26.7% and 71.6% for cis and trans, respectively)   The permethrin samples in water were prepared using 
liquid/liquid extraction and analyzed using the GC-ECD procedure reported previously.  Calibration 
curves for cis-, trans-, and total permethrin are provided in Figures 3-5-1, 3-5-2, and 3-5-3, respectively.  
The permethrin peak area was divided by the IS peak area and plotted against the known concentration.  
The method detection limits for cis-, trans-, and total permethrin are 0.1 µg/L, 0.4 µg/L, and 0.5 µg/L, 
respectively.  Calibration curve data are provided in Appendix A. 
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Figure 3-5-1: Method calibration curve for cis-permethrin 
 
Figure 3-5-2: Method calibration curve for trans-permethrin 
 
Figure 3-5-3: Method calibration curve for total permethrin 
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Excel was used to fit a linear trend to the data using the least squares method.  Equations 3-1, 3-2, and 
3-3 were obtained for cis-, trans-, and total permethrin.   
Cis-permethrin: 
Y = 0.1845 * X 
 
Equation 3-1  
Trans-permethrin: 
Y = 0.1973 * X 
 
Equation 3-2 
Total permethrin: 
Y = 0.1905 * X 
 
Equation 3-3 
Where: 
Y = Permethrin Peak Area/IS Peak Area 
X = Concentration of Permethrin (µg/L) 
Equations 3-1, 3-2, and 3-3 were solved for concentration of cis-, trans-, and total permethrin (X), 
respectively, and used to calculate permethrin concentrations in sample water.  
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4 Results and Discussion 
This section presents the results of the experiments conducted to develop the batch adsorption test 
procedure and the results of the equilibrium adsorption experiments.  In addition to the data presented 
in this section, supplemental analytical data including cis-, trans-, and total permethrin peak areas and 
concentrations for the experiments discussed in this section are provided in Appendix B. 
4.1 Development of the Batch Adsorption Test Procedure 
The results of the permethrin solution preparation evaluation, glassware evaluation, and filtration 
evaluation were used to develop the batch adsorption test procedure.  The results of the experiments 
used to develop the batch adsorption test procedure are discussed in this section. 
4.1.1 Permethrin Solutions Prepared from Pure Solid versus Methanol Stock 
The effect of using methanol stock to prepare dilute permethrin solutions in purified water as compared 
to using permethrin solutions prepared from the pure solid on batch adsorption experiments was 
evaluated.   Side-by-side treatment experiments using permethrin solutions prepared from the pure 
solid and from a methanol stock solution were conducted.  Side-by-side treatment experiments 
consisted of the following: 
 PAC WPH 1000 addition (1 mg/L and 5 mg/L) with mixing 
 No PAC addition with mixing 
The results of the side-by-side treatment experiments are summarized in Table 4-1-1.  The 
concentration of permethrin following treatment is expected to decrease as the amount of PAC addition 
increases.  The treatment experiments performed using permethrin solutions prepared from the pure 
solid followed this trend.  The concentration of permethrin was highest for the treatment experiment 
with no PAC addition and lowest for the treatment experiment with the greatest PAC addition (5 mg/L 
of PAC).  However, the treatment experiments performed using permethrin solutions prepared using 
methanol stock did not follow the expected trend.  The permethrin concentration for the treatment 
experiment with no PAC addition (3.1 µg/L) was less than the permethrin concentration for the 
treatment experiment with 1 mg/L of PAC (3.5 µg/L).  This inconsistent trend indicates that the 
methanol used to prepare the permethrin solution may have interfered with the adsorption of 
permethrin on the PAC and with the extraction of permethrin using methylene chloride.  As a 
conservative measure, permethrin solutions were prepared from the pure solid for the batch adsorption 
experiments.  A methanol stock solution was not used to avoid interference of methanol with the 
adsorption of permethrin on PAC and to avoid solvent-solvent interactions during the extraction of 
permethrin using methylene chloride.   
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Table 4-1-1: Side-by-side treatment experiments to evaluate permethrin solution preparation 
Permethrin 
Solution 
Preparation 
Method 
Treatment 
Measured 
Concentration in 
Water Sample (µg/L) 
Initial Permethrin 
Concentration 
(µg/L) 
% Permethrin 
Removal 
Pure Solid 
Initial 
Concentration (No 
Treatment) 
6.5 - - 
No PAC Addition 
with Mixing 
4.8 6.5 26% 
1 mg/L PAC1 with 
Mixing 
3.5 6.5 45% 
5 mg/L PAC1 with 
Mixing 
2.3 6.5 64% 
Methanol 
Stock 
Initial 
Concentration (No 
Treatment) 
6.0 - - 
No PAC Addition 
with Mixing 
3.1 6.0 48% 
1 mg/L PAC1 with 
Mixing 
3.5 6.0 42% 
5 mg/L PAC1 with 
Mixing 
2.7 6.0 55% 
1. PAC WPH 1000 used for side-by-side treatment experiments 
Other studies have addressed solvent interference in treatment experiments.  Kilduff et al. (1998) and 
Quinlivan et al. (2005) investigated the adsorption of the hydrophobic pollutant trichloroethylene (TCE) 
on activated carbon.  Kilduff et al. (1998) and Quinlivan et al. (2005) prepared TCE stock solutions in 
methanol.  However, working solutions preparing using the methanol stock solution diluted in water had 
sufficiently low methanol concentrations to minimize cosolvent effect on adsorption (Kilduff et al., 1998; 
Quinlivan et al., 2005).  Kilduff et al. (1998) noted that methanol concentrations below 10-3 mole 
fraction would prevent cosolvent effect on TCE adsorption.  The methanol mole fraction in the 
permethrin working solution prepared from methanol stock was 2.2 x 10-5 (0.005%) which is below the 
concentration expected to influence adsorption.   
Westerhoff et al. (2005) also used methanol to dissolve low solubility compounds to prepare solutions 
used for treatment experiments.  The amount of methanol was minimized (Westerhoff et al., 2005).  It 
was noted that the added methanol can affect ozone treatment experiments (Westerhoff et al., 2005).   
4.1.2 Glassware used for Batch Adsorption Experiments 
The vapor pressure of permethrin is 2 x 10-6 Pa (Norman et al., 2012).  Semivolatile compounds have 
vapor pressures ranging between 10-9 and 10 Pa (Weschler, et al., 2008).  Since permethrin is a 
semivolatile compound, its volatilization during the adsorption experiments was considered. 
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The amount of permethrin lost due to volatilization during jar tests in unsealed 2 L beakers was 
evaluated to determine if sealed bottles should be used for the batch adsorption experiments.  
Experiments were conducted in unsealed 2 L beakers and sealed 1.15 L bottles with limited headspace 
using permethrin solutions without PAC addition.  Results are provided in Table 4-1-2.  The results 
indicate that more permethrin was lost during the experiment performed in the unsealed beaker than 
during the experiment performed in the sealed bottle (26% and 16% permethrin removal, respectively).  
The additional permethrin lost in the jar test was likely due to volatilization.  The batch adsorption 
experiments were performed using 1.15 L bottles sealed with screw caps with limited headspace to 
minimize volatilization of permethrin. 
Table 4-1-2: Glassware analysis results 
Vessel Type 
Initial Permethrin 
Concentration 
(µg/L) 
Measured Permethrin 
Concentration Following 
Treatment (µg/L) 
% Permethrin 
Removal 
2 L Beaker (Jar Test) 6.5 4.8 26% 
1.15 L Sealed Bottle  5.9 5.0 16% 
Schneiter et al. (1985) developed a batch adsorption isotherm test procedure to control volatilization.  
The procedure was developed to evaluate the adsorption of volatile organic compounds on activated 
carbon (Schneiter et al., 1985).  The procedure involved using glass bottles with limited headspace and 
airtight, Teflon sealed caps (Schneiter et al., 1985).  The use of sealed bottles with limited headspace is 
similar to the sealed bottle test procedure developed in this study. 
4.1.3 Filtration Procedure 
The filtration procedure was evaluated to confirm that it did not add permethrin to a sample.  The 
filtration procedure included pre-rinsing a Whatman GF/F 0.7 µm filter with 1 L of purified water, 0.25 L 
of permethrin solution, and 0.25 L of the water sample.  A sample of purified water and a sample with a 
known permethrin concentration (2 µg/L) were filtered using pre-rinsed filters and then analyzed for 
permethrin concentration.  The results are summarized in Table 4-1-3.  The results showed that the 
filtration procedure did not add permethrin to the water samples.  Therefore, samples from the batch 
adsorption experiments were filtered using pre-rinsed Whatman GF/F 0.7 µm filters.   
Table 4-1-3: Filtration evaluation results 
Sample Type Initial Permethrin 
Concentration 
(µg/L) 
Measured Permethrin 
Concentration After Filter 
Pre-Rinse (µg/L) 
2 µg/L Sample 2.0 1.9 
Purified Water 0 <0.5 
Pyrethroids adsorb onto glass surfaces or solids they come in contact with which can result in a loss of 
permethrin in solution (Albaseer et al., 2010).  Guitierrez et al. (2007) evaluated the adsorption of 
several dissolved organic compounds including permethrin on GF/F glass fiber filters.  Guitierrez et al. 
(2007) found that an average of 58% of the permethrin in solution was adsorbed onto the filter.  This 
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result emphasizes the importance of minimizing permethrin loss during filtration following treatment 
experiments.     
4.2 Equilibrium Adsorption Experiments 
The adsorption of permethrin on PAC WPH 650 and 1000 was investigated by conducting batch 
equilibrium adsorption experiments.  Equilibrium is reached when the rate of adsorption equals the rate 
of desorption, assuming reversible adsorption (Cecen and Aktas, 2011).  The equilibrium isotherm 
experiments were conducted to assess the removal of cis-, trans- and total permethrin using PAC WPH 
650 and 1000.   
Initial total permethrin concentrations ranged from 2.0 to 4.6 µg/L.  PAC doses ranged from 0.0 to 10 
mg/L.  Experiments were conducted in duplicate (i.e. two experiments were conducted with the same 
PAC dose).  However, the initial permethrin concentration varied slightly depending on laboratory 
conditions.  Therefore, duplicate tests did not necessarily have the same initial permethrin 
concentration. 
Total permethrin removals using PAC WPH 650 and 1000 are summarized in Tables 4-2-1 and 4-2-2, 
respectively.  Results for cis- and trans-permethrin were similar (see Tables B-4 and B-5 in Appendix B).  
Table 4-2-1: Results of batch equilibrium adsorption experiments with PAC WPH 650 
Concentration of 
PAC WPH 650 
(mg/L) 
Initial Permethrin 
Concentration 
(µg/L) 
Total Permethrin 
Concentration 
Following Treatment 
(µg/L) 
% Permethrin 
Removal 
Average % 
Removal 
Control (no PAC) 4.04 3.25 20% 
17% 
Control (no PAC) 2.44 2.06 15% 
0.05 3.18 1.76 45% 
41% 
0.05 2.28 1.41 38% 
0.08 3.18 1.52 52% 
51% 
0.08 2.28 1.16 49% 
0.1 3.18 1.41 56% 
54% 
0.1 2.28 1.07 53% 
0.5 2.93 0.99 66% 
66% 
0.5 2.48 0.83 67% 
1.0 2.93 <0.5 >83% 
80% 
1.0 2.48 0.58 76% 
3.0 2.48 <0.5 >80% - 
5.0 1.95 <0.5 >74% - 
10.0 1.95 <0.5 >74% - 
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Table 4-2-2: Results of batch equilibrium adsorption experiments with PAC WPH 1000 
Concentration of 
PAC WPH 1000 
(mg/L) 
Initial Permethrin 
Concentration 
(µg/L) 
Total Permethrin 
Concentration 
Following Treatment 
(µg/L) 
% Permethrin 
Removal 
Average % 
Removal 
Control (no PAC) 4.04 3.25 20% 
17% 
Control (no PAC) 2.44 2.06 15% 
0.05 4.62 2.77 40% 
37% 
0.05 2.50 1.63 35% 
0.08 4.62 2.35 49% 
46% 
0.08 2.50 1.45 42% 
0.1 4.62 2.17 53% 
50% 
0.1 2.50 1.33 47% 
0.5 2.78 1.08 61% 
60% 
0.5 2.44 1.00 59% 
1.0 2.78 0.84 70% 
69% 
1.0 4.00 1.28 68% 
5.0 4.00 0.68 83% 
79% 
5.0 1.99 <0.5 >75% 
10.0 4.00 <0.5 >88% - 
The adsorption process involves the transport of dissolved permethrin to the porous activated carbon 
and then adsorption onto the inner surface of the activated carbon (Crittenden et al., 2012).  Permethrin 
needs to be transported from the bulk liquid to the boundary of the water and activated carbon (Cecen 
and Aktas, 2011).  Mixing was used in the equilibrium isotherm experiments to facilitate transport of 
permethrin to the activated carbon surface.  The slowest step in the process of adsorption is typically 
the diffusion step (Cecen and Aktas, 2011).  Diffusion includes external diffusion and intraparticle 
diffusion (Cecen and Aktas, 2011).  External diffusion involves the transport of permethrin across the 
stationary layer of water around the activated carbon (Cecen and Aktas, 2011).  The driving force is 
concentration difference (Cecen and Aktas, 2011).  Intraparticle diffusion occurs when permethrin is 
transferred from the surface of the activated carbon to adsorption sites within the activated carbon 
(Cecen and Aktas, 2011).  Once permethrin has been transported to an available site, an adsorption 
bond is formed between permethrin and the activated carbon (Cecen and Aktas, 2011).  Permethrin is 
concentrated on the surface of the activated carbon by physical attraction, like van der Waals forces 
(Crittenden et al., 2012).  
An important force driving adsorption is the hydrophobicity of the solute (Cecen and Aktas, 2011).  
Adsorption potential increases with increasing hydrophobicity (Thuy et al., 2008).  As log KOW increases, 
which is a measure of solute hydrophobicity, adsorption potential increases (Thuy et al., 2008).  Based 
on the high log KOW value for permethrin (6.1), it was hypothesized that activated carbon would be an 
effective treatment method for permethrin.  The results of the adsorption experiments show that PAC 
addition is an effective treatment method for removing permethrin from water, confirming the 
hypothesis.  Permethrin was reduced to below the detection limit of 0.5 µg/L using 3 mg/L of PAC WPH 
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650 and 5 mg/L of WPH 1000.  A comparison of the adsorption capacities of PAC WPH 650 and WPH 
1000 is provided in the following section. 
4.2.1 Adsorption Density 
Adsorption densities at different equilibrium permethrin concentrations were used to prepare 
adsorption isotherms.  Isotherms can be used in practice to select activated carbon type and dose 
(Cecen and Aktas, 2011).  Adsorption density was calculated for the adsorption of cis-, trans-, and total 
permethrin on PAC WPH 650 and 1000.  Adsorption density was calculated using Equation 4-1: 
   
     
 PA  
 Equation 4-1 
qe = adsorption density 
Ce = equilibrium permethrin concentration 
C0 = initial permethrin concentration 
[PAC] = concentration of powdered activated carbon (PAC) 
An example calculation for the 24-hour equilibrium isotherm experiment conducted using 0.05 mg/L 
PAC WPH 650 with an initial total permethrin concentration of 3.18 µg/L and equilibrium permethrin 
concentration of 1.76 µg/L is provided as Equation 4-2: 
   
     
 PA  
 
 .1   g   1.    g  
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Equation 4-2 
Adsorption isotherms curves show the relationship between the amount adsorbed and the equilibrium 
aqueous concentration.  Adsorption isotherm curves for cis-, trans-, and total permethrin on PAC WPH 
650 and WPH 1000 are provided as Figures 4-2-1, 4-2-2, and 4-2-3. 
 
Figure 4-2-1: Adsorption isotherm for cis-permethrin 
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Figure 4-2-2: Adsorption isotherm for trans-permethrin 
 
Figure 4-2-3: Adsorption isotherm for total permethrin 
Adsorption density was higher for PAC WPH 650 than for WPH 1000 at a given permethrin 
concentration.  Properties of activated carbon affect the adsorption performance including surface area, 
porosity, pore size distribution, surface charge, and oxygen content (Snyder et al., 2003).  Iodine number 
is used to characterize the adsorption capacity of activated carbons (Mianowski et al., 2007).  The iodine 
number is the amount of iodine that can be adsorbed on the activated carbon.  The iodine numbers for 
PAC WPH 650 and WPH 1000 are 650 and 1000 mg/g, respectively, according to information provided by 
the manufacturer (Calgon Carbon Corporation).  A higher iodine number may indicate greater 
adsorption capacity.  However, adsorption capacity is dependent on the interaction of a particular 
compound with the activated carbon and may not follow the trend as indicated by the iodine number.  
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This is the case with permethrin.  PAC WPH 650 was more effective for permethrin removal than WPH 
1000 even though WPH 650 has a lower iodine number.  Data on surface area and pore size testing of 
PAC WPH 650 and WPH 1000 were not available.  However, approximate surface areas of WPH 650 and 
WPH 1000 are 700 m2/g and 1050 m2/g based on typical values from Calgon Carbon. 
4.2.2 Freundlich Isotherms 
Freundlich isotherms were used to quantify the affinity of permethrin for PAC.  Freundlich isotherm 
parameters were calculated for the adsorption of permethrin on PAC WPH 650 and 1000.  The 
Freundlich equation is empirical (Crittenden et al., 2012).  The Freundlich model assumes each activated 
carbon site is available for adsorption and assumes no saturation of adsorbent (Crittenden et al., 2012).   
Freundlich parameter calculations are provided in Section 4.2.2.1.  The calculated Freundlich parameters 
are compared with published values for other pesticides in Section 4.2.2.2. 
4.2.2.1 Freundlich Isotherm Parameters for Permethrin 
The Freundlich isotherm equation is presented as Equation 4-3 (Cecen and Aktas, 2011). 
      
    Equation 4-3 
K, 1/n = empirical constants 
 
The linear form is presented as Equation 4-4: 
log   log  
1
 
log   
Equation 4-4 
 
A plot of log equilibrium aqueous concentration versus log mass adsorbed will yield the Freundlich 
parameters (K and 1/n).  Units of µg/L for aqueous concentration and µg/g for mass adsorbed were used 
because log concentration values should be close to 0 when calculating Freundlich parameters 
(Bowman, 1982).  The Freundlich isotherm plot for the adsorption of total permethrin on PAC WPH 650 
and 1000 is provided as Figure 4-2-4.  
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Figure 4-2-4: Freundlich isotherm plot for total permethrin 
The Freundlich parameters were calculated using Equations 4-5 and 4-6. 
1
 
   
Equation 4-5 
m = slope of linear regression 
 
log     Equation 4-6 
  10  
b = intercept of linear regression 
 
Table 4-2-3 summarizes the Freundlich parameters for the adsorption of total permethrin on PAC WPH 
650 and 1000. 
Table 4-2-3: Freundlich parameters for PAC WPH 650 and WPH 1000 
PAC Type 1/n K [(µg/g)(L/µg)1/n] 
Coefficient of 
Determination (R2) 
WPH 650 2.65 6.91 x 103 0.91 
WPH 1000 2.85 2.83 x 103 0.91 
 
The Freundlich model is an appropriate model based on the coefficients of determination (R2).  The 
Freundlich parameter K is related to the capacity of the activated carbon for permethrin (Crittenden et 
al., 2012).  The capacity of the adsorbent increases as K increases.  The parameter 1/n is a function of 
the strength of adsorption (Crittenden et al., 2012).  As 1/n decreases, the strength of the adsorption 
bond increases.  Permethrin is adsorbed to the surface of the activated carbon by physical attraction, 
like van der Waals forces.   
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Adsorption density was higher for PAC WPH 650 than for WPH 1000 at a given permethrin 
concentration.  This is reflected by the Freundlich parameters.  The higher K value for WPH 650 indicates 
that the capacity of WPH 650 for permethrin is greater than WPH 1000.  The smaller 1/n value for WPH 
650 indicates that the adsorption bond between WPH 650 and permethrin is stronger than between 
WPH 1000 and permethrin. 
A plot of observed versus predicted adsorption density using the Freundlich parameters is provided as 
Figure 4-2-5.  The predicted adsorption density using the Freundlich parameters was calculated for PAC 
WPH 650 and WPH 1000.  The figure shows good agreement between the observed and predicted 
adsorption densities. 
 
Figure 4-2-5: Observed versus predicted adsorption density plot for total permethrin using Freundlich 
model 
A favorable isotherm is typically convex-upward and an unfavorable isotherm is concave-upward (USGS, 
1984).  The adsorption isotherms as shown on Figure 4-2-5 are concave-upward and therefore would be 
considered unfavorable isotherms.  A potential problem with concave-upward isotherms is that the rate 
at which mass adsorbed increases is lower at low equilibrium concentrations than for convex-upward 
isotherms.  Consequently, adequate amounts of contaminant may not be removed to meet health or 
regulatory standards using low PAC doses.  However, effective permethrin removal (>60%) was achieved 
at PAC doses ranging from 0.5 to 1.0 mg/L, which are on the low-end of typical PAC doses used in water 
treatment plants (Crittenden et al., 2012).  Additionally, equilibrium permethrin concentrations were 
below the health reference level for cancer of 3.65 ug/L (USEPA, 2008).  
4.2.2.2 Comparison of Freundlich Parameters with Published Values 
There are no published Freundlich isotherm parameters for permethrin.  The Freundlich parameters 
were therefore compared with published values for other pesticides including bifenthrin (pyrethroid), 
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lindane (organochlorine), malathion (organophosphate), and propanil (anilide herbicide).  Published 
Freundlich parameters for other pesticides are summarized in Table 4-2-4.  It is noted that the 
Freundlich parameter K was converted to units of [(mg/g)(L/mg)1/n] by plotting log equilibrium aqueous 
concentration in mg/L versus log mass adsorbed in mg/g for comparison with published Freundlich 
parameters, which are most commonly reported in units of [(mg/g)(L/mg)1/n].  Both Freundlich 
parameters calculated for permethrin were higher than published values for other pesticides reviewed.  
The high Freundlich parameter K indicates that the activated carbon used in this study has a high 
capacity for permethrin.  However, the high value of 1/n for permethrin indicates that the adsorption 
bond is not as strong.   
Table 4-2-4: Comparison of Freundlich parameters for permethrin with published values for other 
pesticides 
Pesticide 
Activated 
Carbon 
Pesticide Class 
Log 
KOW
 
Freundlich Parameters 
1/n K (1)  Ref 
Permethrin 
PAC WPH 650 
(Calgon) 
Pyrethroid 6.1(2) 2.65 
6.91 x 103 (µg/g)(L/µg)1/n 
6.31 x 108 (mg/g)(L/mg)1/n 
this 
study 
Permethrin 
PAC WPH 1000 
(Calgon) 
Pyrethroid 6.1(2) 2.85 
2.83 x 103 (µg/g)(L/µg)1/n 
9.90 x 108 (mg/g)(L/mg)1/n 
this 
study 
Bifenthrin 
GAC 1240 
(Norit N.V.) 
Pyrethroid 7.3(2) 1.7 31 (µg/g)(L/µg)1/n (3) 
Lindane 
PAC 313W 
(Chemviron) 
Organochlorine 3.6(5) 
0.41 to 
0.57 
1.81 x 102 to 
2.55 x 102 (mg/g)(L/mg)1/n 
(4) 
Lindane 
GAC 400 
(Filtrasorb) 
Organochlorine 3.6(5) 0.323 7.72 x 102 (mg/g)(L/mg)1/n (6) 
Malathion 
GAC 0.063 mm 
(Coconut Shell) 
Organophosphate 2.8(2) 1.62 1.63 (mg/g)(L/mg)1/n (7) 
Propanil 
Activated 
Carbon Cloth 
2225 (Spectra) 
Anilide (herbicide) 2.3(2) 0.30 73 (mg/g)(L/mg)1/n (8) 
(1) Units for K provided in [(µg/g)(L/µg)1/n] and [(mg/g)(L/mg)1/n] for permethrin to allow a comparison 
with differing units given in the literature. 
(2) Norman et al., 2012; (3) Domingues et al., 2005; (4) Kouras et al., 1998; (5) USEPA, 2013a; (6) Sotelo 
et al., 2002; (7) Jusoh et al., 2011; (8) Ayranci and Hoda, 2004. 
The Freundlich parameters for permethrin were more similar to the parameters for bifenthrin than the 
other compounds used for comparison.  Most notably, the K value for bifenthrin was only 2 orders of 
magnitude less than the K value for permethrin whereas the K values for the other pesticides differed by 
up to 8 orders of magnitude.  One reason that the K values for permethrin and bifenthrin are similar is 
that they are both pyrethroid pesticides and therefore have similar chemical structures (see Figure 4-2-
6).  Permethrin and bifenthrin have similar chemical properties including high log KOW values.  Another 
reason that the K values for permethrin and bifenthrin are similar is that the preferred units to calculate 
K in for permethrin [(µg/g)(L/µg)1/n] were used for the bifenthrin calculations (Domingues et al., 2005).  
Converting K values can introduce error (Bowman, 1982). 
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Permethrin 
 
Bifenthrin 
 
Figure 4-2-6: Molecular structure of permethrin and bifenthrin (adapted from RSC, 2012) 
Freundlich parameters vary by several orders of magnitude for different types of compounds 
(Crittenden et al., 2012).  The Freundlich parameters for lindane, malathion, and propanil were 
significantly different that the parameters for permethrin.  The difference in results is in large part 
because lindane, malathion, and propanil are not in the same pesticide class as permethrin.  While 
pesticides in the same class have similar properties, pesticides in different classes have significantly 
different properties and adsorption characteristics.  Another reason for the difference in results is due 
to the variation in activated carbons used in each study.  Properties including surface area, pore size, 
and surface charge can affect adsorption (Snyder et al., 2003).  As summarized in Table 4-2-4, different 
types of activated carbon were used in each of the studies selected for comparison based on the data 
available in the literature. 
4.2.3 Langmuir Isotherm 
The Langmuir isotherm model is theoretically based in thermodynamics and kinetics (Cecen and Aktas, 
2011).  The Langmuir model assumes monolayer adsorption with a limited number of adsorption sites 
whereas the Freundlich model assumes no saturation of adsorbent (Cecen and Aktas, 2011).  The 
Langmuir isotherm equation is presented as Equation 4-7 (Cecen and Aktas, 2011). 
   
       
1      
 
 
Equation 4-7 
QM, Kad = constants 
The Langmuir constant QM indicates the maximum adsorption capacity (Cecen and Aktas, 2011).  The 
constant Kad is related to the energy of adsorption and increases as the strength of the adsorption bond 
increases (Cecen and Aktas, 2011). 
There are several linear forms of the Langmuir isotherm. One of the linear forms is presented as 
Equation 4-8: 
1
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Equation 4-8 
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A plot of 1/Ce versus 1/qe will yield the Langmuir parameters.  The Langmuir isotherm plot for the 
adsorption of total permethrin on PAC WPH 650 and 1000 is provided as Figure 4-2-7.  
 
Figure 4-2-7: Langmuir isotherm plot for total permethrin 
The Langmuir parameters can be calculated using Equations 4-9 and 4-10 
1/QM = b 
QM = 1/b  
Equation 4-9 
b = intercept of linear regression 
 
The calculated Langmuir parameters for PAC WPH 650 and WPH 1000 were negative which indicates 
that the Langmuir model is not a good model for the adsorption of permethrin on PAC WPH 650 and 
1000 because negative parameters are not valid.  Based on the Langmuir isotherm plot, it appears that 
1/qe asymptotes to 0 g/µg at low 1/Ce values. 
4.2.4 Linear Isotherm Curve 
A linear isotherm curve was evaluated, as shown on Figure 4-2-8.  The coefficients of determination (R2) 
values for the adsorption of permethrin on PAC WPH 650 and 1000 were 0.93 and 0.96, respectively, 
which indicate a good fit to the data.  However, the linear isotherm curves should intersect 0 µg/L at 0 
mg/g.  Permethrin adsorption asymptotes to 0 mg/g at low equilibrium aqueous concentrations, which 
is not represented in the linear isotherm model. 
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1/KadQM = m 
Kad = 1/QMm 
Equation 4-10 
m = slope of linear regression 
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Figure 4-2-8: Linear isotherm model for total permethrin 
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5 Conclusions and Future Work 
Pesticides are used extensively in the US with over 1 billion pounds of active ingredients applied in 2007.  
Pesticide applications are conducted for a variety of purposes including increasing agricultural 
production and protecting public health by controlling mosquitos and other pests.  Common insecticide 
active ingredients currently used to control adult mosquitos in the US are classified as 
organophosphates, pyrethrins, and pyrethroids.  Commonly used organophosphates include malathion, 
naled, and chlorpyrifos.  The term pyrethrins generally refers to the six isomers found in 
Chrysanthemum extracts.  Pyrethroids are synthetic chemical insecticides adapted from the chemical 
structure of pyrethrins.  Commonly used pyrethroids include permethrin, resmethrin, and phenothrin.  
The use of synthetic pyrethroids has increased because pyrethroids are less toxic to humans than 
organophosphates.  However, some pyrethroids are likely to be carcinogenic to humans.      
Following application, pesticides can be transported to surface waters by runoff and to groundwater 
aquifers by infiltration and subsurface transport.  Pesticides are frequently detected in streams 
throughout the US particularly in agricultural, urban, and mixed land use areas (Gilliom et al., 2006).  
The USGS conducted a 10-year study from 1992 to 2001 to evaluate the occurrence of pesticides in 
streams, groundwater, and sediment (Gilliom et al., 2006).  Chlorpyrifos, malathion, and cis-permethrin 
were among the pesticides detected in stream and groundwater samples (Gilliom et al., 2006).  
Permethrin was also detected in sediment samples (Gilliom et al., 2006). 
Some pesticides are not completely removed from waters by conventional drinking water treatment 
techniques (USGS, 2008).  Several studies on pesticide occurrence have found that pesticides are 
detected in water supply reservoirs and finished drinking water (USGS, 2001; Donald et al., 2007; USGS, 
2008).  Pesticides used to control mosquitos including chlorpyrifos and malathion are among pesticides 
detected in water supply reservoir samples (USGS, 2001; Donald et al., 2007; USGS, 2008).  The 
malathion oxidation product formed during chlorination (malaoxon) has been detected in finished 
drinking water samples (USGS, 2001). 
Pesticides applied for mosquito control contribute to the occurrence of pesticides and degradates in 
surface water, groundwater, and drinking water.  However, based on the high proportion of pesticides 
used for agricultural purposes, pesticides applied for agriculture are generally the most significant 
source of pesticides in waters.   
Permethrin was selected for further study based on its widespread use in the US, its inclusion on the 
CCL3, its health hazards, and the lack of previous research on the removal of permethrin from drinking 
water.  Permethrin is used extensively in the US for mosquito control and in agriculture, with 
approximately 2 million pounds applied each year.  Permethrin is the only insecticide commonly used 
for mosquito control on the CCL3.  Permethrin was included on the CCL3 because it is likely to be 
carcinogenic to humans and a large quantity of permethrin is applied each year in the US, which could 
potentially impact drinking water.   
Potential methods to treat permethrin in drinking water include advanced oxidation, nanofiltration, 
reverse osmosis, and adsorption processes using GAC or PAC.  One advantage of PAC is that is can be 
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used on an as needed basis such as during periods of high pesticide applications.  PAC can be 
incorporated into existing conventional treatment plants with minimal capital costs and the dose can be 
adjusted with changing raw water quality.  Based on the feasibility of using PAC for drinking water 
treatment, the removal of permethrin from water using PAC was investigated further.   
The removal of permethrin using two types of PAC (WPH 650 and WPH 1000) obtained from Calgon 
Carbon Corporation was evaluated.  Procedures for performing batch adsorption experiments, 
extracting permethrin from sample water, and analyzing permethrin at low concentrations using gas 
chromatography with electron capture detection were developed.  Batch adsorption experiments were 
performed using permethrin solutions prepared from the pure solid rather than using a methanol stock 
solution to avoid interference of methanol with the adsorption of permethrin on PAC and to avoid 
solvent-solvent interactions during the extraction of permethrin using methylene chloride.  Batch 
adsorption experiments were performed using sealed bottles with limited headspace to minimize 
volatilization of permethrin.  Filters used for the batch adsorption experiments were pre-rinsed to 
minimize the addition of contaminants from the filter into the sample and to minimize loss of 
permethrin on the filter.  
Batch adsorption experiments were performed to determine equilibrium isotherm parameters.  Initial 
total permethrin concentrations ranged from 2.0 to 4.6 µg/L.  PAC doses ranged from 0.0 to 10 mg/L, 
which are on the low-end of typical PAC doses used in water treatment plants.  The results of the batch 
adsorption experiments showed that PAC addition is an effective method for removing permethrin from 
water. Total permethrin concentrations were reduced by 38% with 0.05 mg/L of PAC WPH 650, and 
reduced to below the detection limit with 3 mg/L of PAC WPH 650. Total permethrin concentrations 
were reduced by 35% with 0.05 mg/L of PAC WPH 1000 and by 83% with 5 mg/L of PAC WPH 1000.  
Results for cis- and trans-permethrin were similar.   
The Freundlich isotherm model provided appropriate fits to the data with an R2 value of 0.91 for both 
WPH 650 and WPH 1000.  There are no published Freundlich isotherm parameters for permethrin.  The 
Freundlich parameters were therefore compared with published values for other pesticides including 
bifenthrin (pyrethroid), lindane (organochlorine), malathion (organophosphate), and propanil (anilide 
herbicide).  Both Freundlich parameters calculated for permethrin were higher than published values for 
other pesticides reviewed.  The high Freundlich parameter K indicates that the activated carbon used in 
this study has a high capacity for permethrin.  However, the high value of 1/n for permethrin indicates 
that the adsorption bond is not as strong.  The Freundlich parameters for permethrin were more similar 
to the parameters for bifenthrin than the other compounds used for comparison.  One reason that the K 
values for permethrin and bifenthrin are similar is that they are both pyrethroid pesticides and therefore 
have similar chemical structures.   
It would be beneficial to investigate the removal of permethrin from natural waters using PAC.  This 
would provide additional information on the applicability of treatment using PAC for permethrin 
removal in drinking water treatment plants.  It is important to conduct adsorption experiments using 
source water for designing treatment systems since source water quality can vary significantly.  It would 
be interesting to evaluate the effect of natural organic matter on the adsorption of permethrin on PAC.  
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Removal may not be as effective because NOM would compete for adsorption sites.  Kinetic studies on 
the removal of permethrin using PAC would be beneficial to evaluate the time required for PAC 
treatment in drinking water facilities.  It would also be interesting to evaluate the degradation products 
of permethrin and their health effects.   
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GC Settings 
Injector Settings: 
 
Valve Settings: 
 
 
 
71 
Inlet Settings: 
 
Column Settings: 
 
 
 
 
72 
Oven Settings: 
 
Detector Settings: 
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Signal Settings: 
 
Runtime Settings: 
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Options Settings: 
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Calibration Curve Data 
Cis-Permethrin 
   
Cis-Permethrin 
Peak Area 
1,1,2-TCA 
Peak Area 
Cis-Permethrin Peak 
Area/IS Peak Area 
Actual Concentration 
of Water Sample (µg/L) 
3.70 159.10 0.023 0.13 
8.12 160.51 0.051 0.27 
10.84 141.35 0.077 0.40 
17.15 144.44 0.119 0.67 
28.28 147.42 0.192 1.07 
25.50 92.40 0.276 1.47 
 
Trans-Permethrin 
   Trans-Permethrin 
Peak Area 
1,1,2-TCA 
Peak Area 
Trans-Permethrin Peak 
Area/IS Peak Area 
Actual Concentration 
of Water Sample (µg/L) 
11.90 159.10 0.075 0.36 
24.32 160.51 0.152 0.72 
29.19 141.35 0.207 1.07 
44.65 144.44 0.309 1.79 
82.53 147.42 0.560 2.86 
73.91 92.40 0.800 3.94 
 
Total Permethrin 
   Total Permethrin 
Peak Area 
1,1,2-TCA 
Peak Area 
Total Permethrin Peak 
Area/IS Peak Area 
Actual Concentration 
of Water Sample (µg/L) 
15.60 159.10 0.098 0.50 
32.44 160.51 0.202 1.00 
40.03 141.35 0.283 1.50 
61.79 144.44 0.428 2.50 
110.81 147.42 0.752 4.00 
99.41 92.40 1.076 5.50 
 
Regression Statistics 
The method detection limit (MDL) was determined based on 3 times the standard deviation of the 
calibration curve regression (σy) for cis-, trans-, and total permethrin, which was then converted to cis-, 
trans-, and total permethrin concentration using the calibration equations.  
Compound 
Calibration 
Equation Slope 
σy 3*σy 
Method Detection 
Limit (µg/L) 
Cis-permethrin 0.184 0.00456 0.014 0.1 
Trans-permethrin 0.197 0.0257 0.077 0.4 
Total permethrin 0.191 0.0291 0.087 0.5 
y = Permethrin Peak Area/IS Peak Area 
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Table B-1
Side-by-Side Treatment Experiments to Evaluate Permethrin Solution Preparation
Permethrin 
Solution 
Preparation 
Method
Treatment Compound
Concentration 
in Water 
Sample (µg/L)
Permethrin 
Peak Area/IS 
Peak Area
Permethrin 
Peak Area
1,1,2-TCA 
Peak Area
Initial 
Permethrin 
Concentration 
(µg/L)
% Permethrin 
Removal
cis-isomer 2.28 0.420 38.81 92.40 - -
trans-isomer 4.13 0.815 75.32 92.40 - -
Total Permethrin 6.48 1.235 114.13 92.40 - -
cis-isomer 1.68 0.309 22.38 72.38 2.28 26%
trans-isomer 3.06 0.603 43.64 72.38 4.13 26%
Total Permethrin 4.79 0.912 66.01 72.38 6.48 26%
cis-isomer 1.23 0.228 20.48 89.93 2.28 46%
trans-isomer 2.27 0.447 40.23 89.93 4.13 45%
Total Permethrin 3.54 0.675 60.71 89.93 6.48 45%
cis-isomer 0.82 0.151 12.61 83.32 2.28 64%
trans-isomer 1.46 0.287 23.95 83.32 4.13 65%
Total Permethrin 2.30 0.439 36.56 83.32 6.48 64%
cis-isomer 1.50 0.276 25.50 92.40 - -
trans-isomer 4.43 0.874 80.71 92.40 - -
Total Permethrin 6.03 1.150 106.22 92.40 - -
cis-isomer 0.93 0.172 16.91 98.23 1.50 38%
trans-isomer 2.15 0.424 41.68 98.23 4.43 51%
Total Permethrin 3.13 0.596 58.59 98.23 6.03 48%
cis-isomer 0.80 0.147 13.48 91.60 1.50 47%
trans-isomer 2.62 0.518 47.44 91.60 4.43 41%
Total Permethrin 3.49 0.665 60.92 91.60 6.03 42%
cis-isomer 0.81 0.149 13.60 91.54 1.50 46%
trans-isomer 1.85 0.366 33.50 91.54 4.43 58%
Total Permethrin 2.70 0.515 47.10 91.54 6.03 55%
Pure Solid
Methanol
Stock
5 mg/L PAC WPH 
1000 with Mixing
Initial 
Concentration 
(No Treatment)
No PAC Addition 
with Mixing
1 mg/L PAC WPH 
1000 with Mixing
5 mg/L PAC WPH 
1000 with Mixing
Initial 
Concentration 
(No Treatment)
No PAC Addition 
with Mixing
1 mg/L PAC WPH 
1000 with Mixing
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Table B-2
Glassware Analysis Results
Vessle Type Compound
Concentration in 
Water Sample 
(µg/L)
Permethrin Peak 
Area/IS Peak Area
Permethrin 
Peak Area
1,1,2-TCA 
Peak Area
Initial Permethrin 
Concentration 
(µg/L)
% Permethrin 
Removal
cis-isomer 1.7 0.309 22.38 72.38 2.3 26%
trans-isomer 3.1 0.603 43.64 72.38 4.1 26%
Total Permethrin 4.8 0.912 66.01 72.38 6.5 26%
cis-isomer 1.6 0.299 32.70 109.45 1.9 16%
trans-isomer 3.3 0.647 70.82 109.45 3.9 16%
Total Permethrin 5.0 0.946 103.52 109.45 5.9 16%
2 L Beaker (Jar Test)
1.15 L Sealed Bottle
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Table B-3
Filtration Evaluation Results
Sample Type Compound
Concentration in 
Water Sample 
(µg/L)
Permethrin 
Peak Area/IS 
Peak Area
Permethrin 
Peak Area
1,1,2-TCA Peak 
Area
Initial Permethrin 
Concentration (µg/L)
cis-isomer 0.74 0.136 15.38 112.92 0.53
trans-isomer 1.17 0.230 25.97 112.92 1.43
Total Permethrin 1.92 0.366 41.35 112.92 1.97
cis-isomer BDL 0.000 0.00 101.12 0.00
trans-isomer BDL 0.000 0.00 101.12 0.00
Total Permethrin BDL 0.000 0.00 101.12 0.00
Permethrin 2 µg/L from 
methanol stock with pre-
rinsed filter
e-pure water with pre-rinsed 
filter
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Table B-4
Batch Equilibrium Isotherm Experiments using PAC WPH 650
Concentration 
of PAC WPH 
650 (mg/L)
Compound
Concentration in 
Water Sample 
(µg/L)
Permethrin 
Peak Area/IS 
Peak Area
Permethrin 
Peak Area
1,1,2-TCA 
Peak Area
Initial Permethrin 
Concentration 
(µg/L)
% Permethrin 
Removal
Solution 
pH
cis-isomer 1.36 0.251 26.40 105.10 1.64 17%
trans-isomer 1.86 0.367 38.60 105.10 2.36 21%
Total Permethrin 3.25 0.618 65.00 105.10 4.04 20%
cis-isomer 0.75 0.139 14.67 105.38 0.90 16%
trans-isomer 1.29 0.254 26.74 105.38 1.51 15%
Total Permethrin 2.06 0.393 41.41 105.38 2.44 15%
cis-isomer 0.61 0.113 12.70 112.07 1.04 41%
trans-isomer 1.12 0.222 24.85 112.07 2.09 46%
Total Permethrin 1.76 0.335 37.54 112.07 3.18 45%
cis-isomer 0.51 0.093 10.01 107.18 0.82 38%
trans-isomer 0.89 0.175 18.76 107.18 1.44 38%
Total Permethrin 1.41 0.268 28.77 107.18 2.28 38%
cis-isomer 0.53 0.097 9.41 97.19 1.04 50%
trans-isomer 0.97 0.192 18.67 97.19 2.09 53%
Total Permethrin 1.52 0.289 28.09 97.19 3.18 52%
cis-isomer 0.42 0.078 9.34 119.79 0.82 48%
trans-isomer 0.73 0.143 17.15 119.79 1.44 49%
Total Permethrin 1.16 0.221 26.49 119.79 2.28 49%
cis-isomer 0.44 0.082 9.64 118.10 1.04 58%
trans-isomer 0.95 0.187 22.14 118.10 2.09 55%
Total Permethrin 1.41 0.269 31.78 118.10 3.18 56%
cis-isomer 0.39 0.073 7.75 106.61 0.82 52%
trans-isomer 0.66 0.130 13.88 106.61 1.44 54%
Total Permethrin 1.07 0.203 21.63 106.61 2.28 53%
cis-isomer 0.32 0.060 6.34 106.40 0.98 67%
trans-isomer 0.66 0.129 13.77 106.40 1.92 66%
Total Permethrin 0.99 0.189 20.11 106.40 2.93 66%
cis-isomer 0.29 0.053 5.69 108.06 0.95 70%
trans-isomer 0.53 0.105 11.35 108.06 1.51 65%
Total Permethrin 0.83 0.158 17.05 108.06 2.48 67%
cis-isomer BDL - BDL 104.80 0.98 -
trans-isomer BDL - BDL 104.80 1.92 -
Total Permethrin BDL - BDL 104.80 2.93 -
cis-isomer 0.18 0.033 3.18 97.67 0.95 81%
trans-isomer 0.40 0.079 7.68 97.67 1.51 74%
Total Permethrin 0.58 0.111 10.85 97.67 2.48 76%
cis-isomer BDL - BDL 98.47 0.95 -
trans-isomer BDL - BDL 98.47 1.51 -
Total Permethrin BDL - BDL 98.47 2.48 -
cis-isomer BDL - BDL 101.24 0.81 -
trans-isomer BDL - BDL 101.24 1.13 -
Total Permethrin BDL - BDL 101.24 1.95 -
cis-isomer BDL - BDL 98.91 0.81 -
trans-isomer BDL - BDL 98.91 1.13 -
Total Permethrin BDL - BDL 98.91 1.95 -
Control 
(no PAC) 8.04
Control 
(no PAC) 8.02
0.05 8.23
0.05 8.00
0.08 8.29
0.08 8.26
0.1 8.12
0.1 8.00
0.5 8.24
0.5 8.09
1.0 8.28
1.0 8.28
3.0 8.19
5.0 8.16
10 7.96
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Table B-5
Batch Equilibrium Isotherm Experiments using PAC WPH 1000
Concentration 
of PAC WPH 
1000 (mg/L)
Compound
Concentration in 
Water Sample 
(µg/L)
Permethrin 
Peak Area/IS 
Peak Area
Permethrin 
Peak Area
1,1,2-TCA 
Peak Area
Initial Permethrin 
Concentration 
(µg/L)
% Permethrin 
Removal
Solution 
pH
cis-isomer 1.36 0.251 26.40 105.10 1.64 17%
trans-isomer 1.86 0.367 38.60 105.10 2.36 21%
Total Permethrin 3.25 0.618 65.00 105.10 4.04 20%
cis-isomer 0.75 0.139 14.67 105.38 0.90 16%
trans-isomer 1.29 0.254 26.74 105.38 1.51 15%
Total Permethrin 2.06 0.393 41.41 105.38 2.44 15%
cis-isomer 0.92 0.170 17.33 102.16 1.59 42%
trans-isomer 1.82 0.359 36.64 102.16 2.97 39%
Total Permethrin 2.77 0.528 53.96 102.16 4.62 40%
cis-isomer 0.62 0.114 12.15 106.81 0.93 34%
trans-isomer 1.00 0.197 21.09 106.81 1.54 35%
Total Permethrin 1.63 0.311 33.24 106.81 2.50 35%
cis-isomer 0.79 0.145 13.89 95.57 1.59 50%
trans-isomer 1.53 0.302 28.82 95.57 2.97 49%
Total Permethrin 2.35 0.447 42.71 95.57 4.62 49%
cis-isomer 0.53 0.097 10.09 103.81 0.93 43%
trans-isomer 0.90 0.178 18.48 103.81 1.54 41%
Total Permethrin 1.45 0.275 28.58 103.81 2.50 42%
cis-isomer 0.75 0.139 15.38 111.06 1.59 53%
trans-isomer 1.39 0.274 30.46 111.06 2.97 53%
Total Permethrin 2.17 0.413 45.85 111.06 4.62 53%
cis-isomer 0.47 0.086 10.01 115.93 0.93 50%
trans-isomer 0.84 0.167 19.33 115.93 1.54 45%
Total Permethrin 1.33 0.253 29.33 115.93 2.50 47%
cis-isomer 0.38 0.070 7.20 102.84 0.99 62%
trans-isomer 0.69 0.136 14.02 102.84 1.76 61%
Total Permethrin 1.08 0.206 21.20 102.84 2.78 61%
cis-isomer 0.35 0.065 8.30 127.23 0.90 61%
trans-isomer 0.64 0.126 16.04 127.23 1.51 58%
Total Permethrin 1.00 0.191 24.34 127.23 2.44 59%
cis-isomer 0.29 0.054 6.17 113.44 0.99 70%
trans-isomer 0.53 0.105 11.94 113.44 1.76 70%
Total Permethrin 0.84 0.160 18.10 113.44 2.78 70%
cis-isomer 0.45 0.083 7.86 94.80 1.33 66%
trans-isomer 0.82 0.161 15.28 94.80 2.62 69%
Total Permethrin 1.28 0.244 23.14 94.80 4.00 68%
cis-isomer 0.23 0.042 3.78 91.00 1.33 83%
trans-isomer 0.44 0.088 7.97 91.00 2.62 83%
Total Permethrin 0.68 0.129 11.74 91.00 4.00 83%
cis-isomer BDL - BDL 94.90 0.84 -
trans-isomer BDL - BDL 94.90 1.14 -
Total Permethrin BDL - BDL 94.90 1.99 -
cis-isomer BDL - BDL 96.06 1.33 -
trans-isomer BDL - BDL 96.06 2.62 -
Total Permethrin BDL - BDL 96.06 4.00 -
Control 
(no PAC)
Control 
(no PAC)
0.1
0.05
0.05
0.08
0.08
5.0
10
5.0
1.0
0.1
0.5
0.5
1.0
8.04
8.02
8.00
8.01
8.05
8.25
8.27
7.99
8.20
8.19
8.21
8.05
8.09
8.33
8.23
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Table B-6
Cis-Permethrin Adsorption Density for PAC WPH 650
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
1.04 0.61 0.43 0.05 8.6
0.82 0.51 0.31 0.05 6.2
1.04 0.53 0.52 0.08 6.5
0.82 0.42 0.40 0.08 5.0
1.04 0.44 0.60 0.10 6.0
0.82 0.39 0.43 0.10 4.3
0.98 0.32 0.66 0.50 1.31
0.95 0.29 0.66 0.50 1.32
0.95 0.18 0.77 1.00 0.77
Table B-7
Cis-Permethrin Adsorption Density for PAC WPH 1000
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
1.59 0.92 0.67 0.05 13.4
0.93 0.62 0.31 0.05 6.2
1.59 0.79 0.80 0.08 10.0
0.93 0.53 0.40 0.08 5.0
1.59 0.75 0.84 0.10 8.4
0.93 0.47 0.46 0.10 4.6
0.99 0.38 0.61 0.50 1.23
0.90 0.35 0.55 0.50 1.10
0.99 0.29 0.70 1.0 0.70
1.33 0.45 0.88 1.0 0.88
1.33 0.23 1.11 5.0 0.22
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Table B-8
Trans-Permethrin Adsorption Density for PAC WPH 650
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
2.09 1.12 0.97 0.05 19.4
1.44 0.89 0.55 0.05 11.0
2.09 0.97 1.12 0.08 14.0
1.44 0.73 0.71 0.08 8.9
2.09 0.95 1.14 0.10 11.4
1.44 0.66 0.78 0.10 7.8
1.92 0.66 1.26 0.50 2.52
1.51 0.53 0.98 0.50 1.95
1.51 0.40 1.11 1.00 1.11
Table B-9
Trans-Permethrin Adsorption Density for PAC WPH 1000
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
2.97 1.82 1.15 0.05 23.1
1.54 1.00 0.54 0.05 10.8
2.97 1.53 1.44 0.08 18.0
1.54 0.90 0.64 0.08 8.0
2.97 1.39 1.58 0.10 15.8
1.54 0.84 0.70 0.10 7.0
1.76 0.69 1.07 0.50 2.13
1.51 0.64 0.87 0.50 1.74
1.76 0.53 1.22 1.0 1.22
2.62 0.82 1.80 1.0 1.80
2.62 0.44 2.17 5.0 0.43
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Table B-10
Total Permethrin Adsorption Density for PAC WPH 650
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
3.18 1.76 1.42 0.05 28.4
2.28 1.41 0.87 0.05 17.4
3.18 1.52 1.66 0.08 20.8
2.28 1.16 1.12 0.08 14.0
3.18 1.41 1.77 0.10 17.7
2.28 1.07 1.21 0.10 12.1
2.93 0.99 1.94 0.50 3.88
2.48 0.83 1.65 0.50 3.30
2.48 0.58 1.90 1.00 1.90
Table B-11
Total Permethrin Adsorption Density for PAC WPH 1000
Initial Permethrin 
Concentration (µg/L)
Equilibrium Permethrin 
Concentration (Ce) (ug/L)
Concentration of Permethrin 
Removed (µg/L)
Concentration of PAC 
(mg/L)
Adsorption density (qe) 
(mg/g)
4.62 2.77 1.85 0.05 37.0
2.50 1.63 0.87 0.05 17.4
4.62 2.35 2.27 0.08 28.4
2.50 1.45 1.05 0.08 13.1
4.62 2.17 2.45 0.10 24.5
2.50 1.33 1.17 0.10 11.7
2.78 1.08 1.70 0.50 3.40
2.44 1.00 1.44 0.50 2.88
2.78 0.84 1.94 1.0 1.94
4.00 1.28 2.72 1.0 2.72
4.00 0.68 3.32 5.0 0.66
